SINTERED MULLITE 


By 

S. VENKATARAMANI 


TPMS 


197s 



INTERDISCIPLINARY PROGRAMME IN MATERIALS SCIENCE 



INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

AUGUST, 1975 



SINTERED MULLITE 


A Thesis Submitted 

tn partial Fulfilment of the Requirements 
for the Degree of 

MASTER OF TECHNOLOGY 


By 

S. VENKATARAMANI 


to the 


INTERDISCIPLINARY PROGRAMME IN MATERIALS SCIENCE 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

AUGUST, 1975 




i.l.T r?i^TUR 

„ A '^5552 s. 

No. £%. ... 


umu 




n N 



CERTIFICATE 


Certified that this work entitled 


SINTERED MULIITE has been carried out under my 


supervision and that it has not been submitted 


elseidiere for a degree. 



B.C. SUBBARAO •• f.-' 
Professor of Metallurgical ‘ 

Indian Institute of Technology/''-"* " 
Kanpur 

1 

1 

! 


POST GRADi; \ TE OFFIC^i 
This thesis has been approved > 
for dir award of'tlie Decree of ' 
• Vl^i.-MOr ‘ 1 .1 10,0'4/ (.Vi.Tech.) f 

I" ill a.(Coida!icc with the ^ 

1 rr'/ulatioiis uf the in<iian 
J'.i'.titutc of Technology ..anpu' . 

. i-tn.-d. 



ACKFOWLED CEMENTS 


It lias been a great ploasiire to voric: under tbe 
guidance of Prof. B.C, Subbarao for the present investigation 
I aja grateful to him for his valuable suggestions, 

I thank the management of M/S GAPBORUNDUI'I UlTIVERSAl 
LTD. , lyiADEAS for sponsoring me for the M.Tech. Programme. 

I place hero on record my deep sense of gratitude to 

Mr. 1. Rangana-thnn , Dr. D. Ramakrishnrn and Mr, K, Balasubra- 

maniam and others at R and D CWDr for their timely assistance 

Of a, number of my colleagues in the department wlio 
have been of invaluable help to me, I would like to make 
special mention of M/S D.Z. Agrawal, B.K. ChandraseMiar , 

Om Prakash, M.K. Sridhar and Z. Shankar Prasad, I aim also 
thanloful to Dr. T.R. Ramachandran , M/S R. Balasubr?,maiiiaia, 

S, Ganapathi, S.K. Gandhi and R. Balu (Podi) for their 
pleasing compaii 3 ?' -which made my stay in Kanpur a pleasant and 
meimorable one. 

My thanks are due to the staff of ZRD Lab. at 
I. I. I. Madras for having provided tho Z-ray diffractonotor 
facilities. 

The a.ssistance rendered by M/S B. Shsnma of 
Ceramics Lab and K.P. Mukherjee of Materials Science Lab. 
is gratefully p.claiowledged. 



I tlicuak Mr. R,N. Srivastava for his excellent 
typing of the thesis, Mr, Ganguli for the drairings aend 
Mr. Vishwanatli Singh, Mr, Sanar Das and Mr. A.S. Nayar 
for ihe all-romid assistance. 


S. TENKATAJEUilvIiHI 



CONTENTS 


CHAPTER PAGE 

LIST OP TABLES 
LIST OP PIGURBS 
SYNOPSIS 


1 . INTROLUOTION 1 

1.1 General 1 

1.2 The AlsOa-SiOa System 5 

1,5 Crystal Structures of Mullite md 

Sillimanite and their Rolation^ips 16 

1.4 Pormation of Mullite 25 

1.4.1 Prom Al 2 Si 05 25 

1 , '1 , 2 Prom Kaolin Type Minerals 29 

1.4.3 Prom Synthetic Raw Materials 35 

1.4.4 Prom Gels 41 

1.5 Effect of Mineralizers on Mullite 

Pormation 44 

1.6 Properties and Applications 55 

2. STAThl'llDHT OP THE PROBLEM 6l 

3. BXPBRIKBITTAL 65 

3.1 Preparation of Mullite ' 65 

3.1.1 Raw Materials 65 

3.1.2 Preprocessing of Raw Materials 66 

3.1.5 Mixing and Moulding 68 

3.2 Product Testing and Characterization 78 

3.2.1 Linear Shrinkage 79 

3.2.2 Geometric Density 79 

5.2.3 Porosity 80 

3.2.4 True Density 80 

5.2.5 Detection of Mullite 81 

3. 2. 5.1 X-ray diffraction studies 81 

3. 2. 5. 2 Optical microscopy and 

photomicrography 82 

3. 2. 5. 5 Chemical leaching with 

hydrofluoric acid 83 

3.2.6 Modulus of Rupture 83 






PAGE 

4. RESULTS 

DISCUSSION 

96 

4#1 

C3-ay /Alumina Ratio 

96 

4.2 

Source 

of Alumina 

100 

4.3 

]''.'iiiGrali2;ers 

103 



Copper Oxide 

105 


4.3.2 

Zinc Oxide 

103 


4.3*3 

Manganese Oxide 

104 


4.3.4 

Magnesi-um Oxide 

104 


4.3.5 

Miscellaneous 

105 


4.3.6 

Role of Mineralizers 

106 

5 . CONCLUSIONS 

iiND REGGMR.4:.;-7.0NS 

124 

REFERENCES 


127 


APPENDII 



LIST OP TABLES 


TABLE PAGE 

1.1 Some Properties of Aluminosilicates 18 

1.2 Studies on the Effect of Mineralizers 46 

1.3 StrucGiu’’al Properties of Mullite 54 

1.4 Thermal Properties of Mullite 55 

1.5 Mechanical Properties of Mullite 56 

1.6 Qhemico,! Properties of Mullite 57 

1.7 Electrical Properties of Mullite 58 

3.1 Typical Properties and Specifications of 

Raw Materials 67 

3.2 Nomenclature Details of Various Mixes 

Pired at 1400° G for 6 hrs 71 

3.3 Details of Mixes Pirod at 1400^0 for 12 hrs 

and at 1500° 0 for 3 hrs 72 

3.4 Detai3.s of mixes fired at 1450°C for 6 hrs 

(Refractory Kiln) and 1600°C for ? hrs 74 

3.5 Green Dsnsities 76 

3.6 Physical Properties of Mullite Product 

Pired at 1400° 0 for 6 hrs 85 

3.7 Physical Properties of Mullite Product 

Pired at 1400° 0 for 12 hrs 86 

3.8 Physical Pronerties of Mullite Product 

Pired at 1500°C for 3 hrs 87 

3.9 PhysicaJ. Properties of Mullite Product 

Pired at 1450°C for 6 hrs (Refractory Riln) 83 

3.10 Physics,! Properties of Mullite Product 

Pired at 1600°0 for 2 hrs 89 



TiiBLS PA&S 

3.11 X-ray Di'ta Samples Fired at 1400^0 for 6 iirs 90 

3.12 Z-ray O.rca Samples Fired at 1400'^ G for 12 iirs 91 

3.13 Z-ray Data Samples Fired at 1500° C for 3 iirs 

and 1450^0 for 6 hrs 92 

3.14 Quantitative Analysis of Mull it o 93 

3.14 Modulus of Rupture at ^.-toorn Temperature 94 



LIST 01' PIGIBES 


PIG'IIE PAGE 

1.1 System II 2 O 3 - SiOj (Ref. 4) 5 

1.2 System AI 2 O 3 ~ Si 02 (Ref, 7) Q 

1.3 SystoDi AI 2 O 3 - Si02 (Ref. 15) 10 

1.4 System AI 2 O 3 - SiOa (Ref- 17) 12 

]. .5 System AI 2 C 3 - Si0 2 (Ref. 19) 15e~ 

1.6 System AI 2 O 3 - Si 02 (Ref. 22 ) 17 

1.7 Projection on (001) of the Refine(i Structure 

of Sillimanite 21 

1.3 Projection on (001) for M-ullite Structiire 23 

3.1 Effect of Grinding on Particle Size of A = 2 

Alumina 6 9 

4fl Mullito Content vs. Clay /Alumina Rrtio 114 

4.2 Hydral/A = 16 Alumina Effect on Mull it e Center it 115 

4.3 Density vs. Clay/AlTunina Ratio 115 

4.4 Hydral/A = I 6 Alumina Addition vs. True Density 117 

4.5 Mineralizer vs. Yield of Mullite (Chemical 

Analysis) 118 

4.6a Mineralizer vs. True Density 119 

4.6b Mineralizer vs. True Density 120 

4.7 Part of the Phase Diagram CaO-Al^O^-SiO^ 121 

4.6 Part of the Phase Diagram MgO-Al^O^-SiO^ 122 

4.9 Phase Diagram of the System Iron Oxide- 

Al^O^-SiO^ 23 



SHOP SIS 


This investigation is concerned with the 
preparation of sintered mullite from clay alnmina mixtiires. 
The source and characteristics of raw materials, the role 
of mineralizers and the process parameters were examined. 

Chapter 1 presents a detailed review of the 
structure and properties of mullite, phase rela,tionships 
in the Al^O^ ~ SiO^ system and its synthesis from the 
various raw materials with and without the additives. 

The objectives of the present work are set 
forth in Chapter 2 as the investigations of the effects of 
clay /alumina ratio, different sources of alumina, sinter- 
ing temperature and time, and amounts of different additive 
on the formation of mullite. 

The various experimental procedures adopted 
for the preparation of sintered mullite and for its charac- 
terization ore given in Chapter 3. The characteristics 
of the raw materials, the ratios of the various starting 
materials, mixing, moulding and sintering, are included 
followed by the measurement of shrinkage, density, porosity , 
X-ray phvase analysis, chemical analysis, micro structure and 
modulus of rupture. 



Chapter 4 s'umniarises the main resmts of the 
investigation together with interpretations. It was fonnd 
necessary to make the clay/a-lnmina mix poorer in alumina 
than the stoichiometric ratio to obtain maximum mullitiza-tion. 
This is attributed to loss of SiO^ during sintering. Alcoa 
A = 2 alumina and Malco alumina were nearly equally satis- 
factory but substitution of these in part or full by finer 
grained alumina such as A = 16 Alcoa and Hydral 710 was 
fcmd beneficial!.. The minoralizers chosen from available 
literature lead to a positive conclusion about FeO, Mn 02 j 
CuO , MgO, ZnO and CaO as effective mineralizers. The 
optimum amount however varied and was also a function of 
sintering conditions. The factors which influence the 
effectiveness of the mineralizers were identified as the 
tendency for liquid formation and the tendency for the 
creation of point defects. 



CHAPTER 1 


lETRODUCTIOE 


1,1 GENERALS 

The Aliiniino silicate refractories are one of the 
most important and widely used of the various types of 
refractories. The important constituent of the alTmiino^ 
silicate refractory is MuLllite, usually toiot'm as an 
aluminosilicate of the chemical formula ^Al^O^ • PSiO^. It, 
however, has a composition range from JAl^O^'RSiO^ to 
approximately 2Al20^*S102, existing as a solid solution 
between these composition limits. 

Mullite is the only stable crystalline compound 
in the Al^O^-SiO^ system under normal atmospheric pressure. 
The other more common natural aluminosilicates namely 
Andalusite, Sillimanite and Kyanite transform into mullite 
at hi^ temperatures characteristic to their respective 
transformations, 

Mullite is very rarely a natural material, the 
most important place of its occurrence being the Isle of 
Mull, Scotland, from •tdiich it derives its name. It, 
however , is one of the most common phases found in the 
artificial industrial ceramic products. Porcelain, 
fire-clay -products , high alumina refractories etc. contain 
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muLlite as one of their important constituents. In all 
these products mullite is normally formed in situ except 
in certain products where either fused or sintered Miallite 
is used as one of the raw materials. Because of its 
excellent mechanical, chemical, thermal and electrical 
properties, it has a wide range of applications extending 
from super refractories to substrates in the electronic 
industry . 

Mullite normally crystallises in the orthorhombic 
system in the acicular form or as elongated needles except 
when it is prepared in the absence of a liquid phase imder 
which conditions the ciT’stallites are usually globular. 

Mullite is made in a large scale by the electric 
arc fusion metlnod. Gliis involves arc melting of the raw 
materials ~ aluminosilicates, alumina and silica — at 
about 2000°C plus and cooling the melt at controlled rates 
to produce needle shaped mullite crystals. Ihe purest 
mullite is "sdiite in colour and depending on the amount of 
impurities tho colour varies from grey to black. lEhe main 
impurities tha.t impart colour are the oxides of iron and 
titanium. A fairly large quantity of mullite is made, 
also by sintering, the concerned raw materials. The 
raw materials here are necessarily fine powders of a few 
microns size. They are blended, briquetted or formed 
into any other shape required and fired at nearly the 
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melting point 1810°C, preferably at a couple of hundred 
degrees less so that liquid formation or -vitrification is 
avoided, This method is more commonly used for making 
ceramic -wares -where mullite is formed in situ. The crystal 
size and shape largely depend on the temperature of sinteringy 
soaking period, rate of cooling and addition of mineralizers, 
if any, 

1.2 THE Al^O^ - SiO^ SYSTEM; 

The Al^O^ “ SiO^ system is still the most important 
binary syste'a in the field of refractories, Detai3.ed 
research has been carried out for nearly half a century but 
ho-wever there have. been conflicting ideas regarding the 
exact nature of the system especially in the mullite region. 
Hence it is still difficult for these -who use this system 
to come to any definite conclusion regarding the correct 
interpretation. 

The first investigators of the system Al^O^^ - SiO^* 
Shepherd, Rankine and Wri^t^ (1909) described 'Sillimanite • 
as the sole crystalline compound of the system, having a 
congruent melting point at 1811 + 10*^G, The eutectic 
composition bot-ween 'Sillimanite* and cristobalite contain 
10 percent Al 20 ^ -with its melting point at 1600° C. Althou^ 
according to Beckman (1902) the refractive index of the 
artificial sillimanite is less than that of the nat-ural 
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mineral, the strdy of Shepherd and eoworkors does not 
explain this, later, their investigations were confirmed 
hy Shepherd and Eankin^’^ (1911,1915) with the determin- 
ation of the same eutectic points, modifying only some 
temperature data. Shepherd et al^ visualised a vitreous 

1 

phase in the inclusions in the ‘ S Illimani te ^ and named it 
as 'Sillimanibo glass' having a refractive index, n^ = 

1.530, This wns very soon discredited hy the fact that 
'Sillimanite ' has such a crystallisation ability that it 
never remains in a vitreous state even if the melt is 
q.tienched most rapidly and consequently the glass can not 
be 'sillimanite glass'. 

4 

later on the investigations by Bowen and Grelg 
and the phase diagram published by them have changed all 
the theories regarding this problem. They showed a 
crystalline solid, 'Mullite' of a composition 3Al20^»2Si02 
(71,8 wt ''^ll^O^) to melt incongruently at 1810°C and 
identical with natural mullite. They had used a static 
method of invostigating with mises of pure sjaithetic 
o.lumine and silica as well as natural mineral sillimanite, 

The raw materials were mixed in different ratios and fused 
in air atmosphere and quenched in a suitable coolant. The 
phase diagrnm(fig, 1-1) published by them, has been criticised 
for a long time, but its main statement — 'MULLITE is the 
only stable crystalline compound* — is accepted even today. 
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The other important features of their phase diagram are 
(i) The eutectic invariant between SiO^ and Mullite contains 
5.5 Al^Oj, (ii) There is no eutectic between and 

mullite, but there is a reaction (peritectic) invariant 
point and (iii) System Al^O^ - SiO^ contains only one 
liquid phase and there is no liquid segregation, 

5 

Morris has modified some characteristic temper- 
atures of this system. According to him the eutectic point 
between silica and mullite is at 1551°C, the melting points 
of mullite, cristobalite and corundum are respectively 
1827, 1729 and 2083°C. 

6 

later on, Bauer et al succeeded in producing 
single crystals of mullite by flame fusion technique. They 
avoided the incongruent melting region by quenching the 
melt with a steep thermal gradient so that the crystallisa- 
tion occurred at 1830°C lAiiereas the fused surface was at 
1930°C. Thus alumina was not allowed to got into equilibrium 
with the melt. However single crystal growth is not a 
usual occurrence in incongruent ly melting materials. This 
raised the question of congruent melting of the mullite. 
Moreover the volatalisation of silica from sillimanite 
melt or any other artificial aluminosilicate melt has been 
observed. TLiis enriches the melt with alumina, the melt 
finally reaching the composition of miuLlite. This 
phenomenon also explains the flattening of bhe liquidus 
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cTjrvG of the phase diagram proposed hy Bot^en and Groig^ 

(fig. 1.1) from the 5. 5 '^alumina eutectic towards the 
alumina side, 

7 

Toropov and G-alahhov were the first to emphasise 
the importance of silica e-vaporation and put forward a 
different conception of the melting "behaviour of mullite 
(fig. 1.2). A mixture of alumina gol and quartz covered 
with a thin tungsten film to prevent evaporation of silica 
when heated in a tungsten wound microfumace in high vacuum, 
the mullite compound melted without decomposing i.e. 
CONG-RIjBNTLY. Tliis consequently showed up a second eutectic 
"between corundum and mullite at 11 1945^^0. 

Q 

Further examinations "by Budinkov et al "by DTA of the high 
alumina side of the phase diagram confirmer^ txic congruent 
melting of mullite {11%KL^0^) , The melting point determined 
was 1900 + 20°C. A careful X-ray study of the 77 % Al^O^ 
mix undoubtedly showed the congruent character of mullite 
melting. On the other hand in the same year Filonenko and 
his coworker'' , also using DTA established that milLlite 
crystals which were embedded in glass decomposed above 
1820° C into corundum and a silica rich melt and therefore 
mullite had eji incongruent melting behaviour. 

It was PoSnjak and Greig^^ who first presumed 
the solid solution of Alumina in the mullite lattice. 

11 

This was corroborated later by the experiments of Sosmon . 



Cristobalite 
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It has been inore cautiosly stated by Poanjak and Greig 

that mnllite can take alumina in the form of a solid 

solution to a limit of (i.c. a quantity 3 % 

higher than the theoretical . This is 

accomplished by an expansion of the mullite lattice which 

has been detected by X-ray diffraction. Following this, 

IP 

many authors e.g. Rooksby and Partridge , Bouta and 

Barta^^, Neuhaus and Richartz^*^ have confirmed that solid 

solutions ca3i form between mullite a.nd corundum. Accord- 

IS 

ingly , Shears and Archibald after a study of the available 
literature proposed a composition range for mullite in 
the diagram of Boven and Grcigl (fig. 1.3). 

16 

The investigations of Tromol et al also 
contributed to the finding that mullite can exist in an 
higher alumina silica ratio than 3:2. and that it melts 
incongruentlj' at 1820°C. The differences in opinion in 
the melting of mullite has been traced to the differences 
in the heating and cooling schedules used bj^" the vsirious 
investigators. Their results indica,ted xhat no corundum 
was seen if the melting was complete in short runs (1-2 
hrs) , but increasing the duration of heating (4 hrs) 
caused the a.ppearance of corund\im, Honce Tromel concluded 
tha,t congruent molting occurs when the samples were kept 
at high tempera ture only for a short time like in the case 
of experiments by Toropov et al and in growing of single 
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Ff 6 . 1-3 THE SYSTEM AI 2 O 3 -Si 02 (Shears & Archibald (1954 ) Ref.... 15) 
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crystals. On tiio other hand, in the case of prolonged 
firings mnllite melts in congruent ly. This has been 
attributed to the shower diffusion process connected with 
the precipitation of corundum from the melt in the compo- 
sition range from 54 to 11 % relative to that of 

mullite. 

17 

Toropov and Galakhov in 1958 in an effort to 
put an end to this problem again experimented. Quenching 
was used and samples were analysed both by optical micro- 
scopy and Z-ray diffraction techniques. The later diagrsim 
(fig. 1.4) shows the presence of a solid-solution between 
mullite and corundum from 3Al20^‘2Si02 to 2 Al 20 ^’Si 02 and 
the eutectic between m\fLlite and corund-um at 79'/( Al^O-, and 
1850 ^ 0 . 

Due to the rapid crystallization during quenching, 
negligible amount of glass was formed. But the tiny 
secondary crystals thus formed wore undoubtedly distingui- 
shable from the big primary crystals formed during the 
thermal exposition slightly below the liquidus. Since the 
rapid crystailization of the residuary melt is in equili- 
brium with tho solid phase, the determination of the solidus 
line, shown as dotted line in fig. 1.4 is not very exact. 

The congruent melting behaviour of Mullite was 

*1 R 

again questioned by Welch‘d . He added strength to the 




SiOo , ■ AItOq 

^ Wt“/. ► . 

FIG. 1-4 PART OF THE SYSTEM Al 203 - 5 i 02 (Toropov & Galakhov (1958)Ref. . 
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arguments for the Incongruent melting behaviour through 
direct observations of the melting of mullite with a high 
temperature microscope and investigations of the cooliag 
curves for the solidus and liquidus of corundum and 
liquidus of mullite. Accordingly, though the primary area 
of mullite con-cains the composition 3Al20^ • 2Si0p ^ this 
compomd has no significance. Moreover, Mullite is just 
one member of the vast series of solid-solution from 
3Al20^*2Si02 to 211^0^ ‘SiO^. In conclusion the area of 
solid solution extends to an alumina content of 75‘'\iby 
wt. and mullite melts incongruently at D.SSO'^C. 

It was Aramaki and Roy^^ who rather convincingly 
solved the mullite problem. They had eliminated all the 
previous objections in experimental techniques and also 
had critically compared the results of tho important 
investigations with their own. Samples prepared from gels 
wore used for subsolidus work and a mixture of dry a-AL^O^ 
and powdered silica glass was used in the region above the 
solidus cuirvo. ilhe runs were carried out in sealed noble 
metal containers and the melt was cooled using quench 
technique. 

On comparing their findings with the results and 

conclusions of the earlier investigators, tho authors 

differed with leuihaus and Richartz^^, Bauer et al^ and 

13 

Bart a and Bart a in that the latter did not observed a 
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substantisi amount {^'50y) of corundum which, must exist 
when a 2Al20^*Si02 composition melts incongruently. On 
the point of silica evaporation the authors arguo that 
none of tho earliers investigators had an exact idea of 
the role of silica evaporation. It is also argued that 
silica must evaporate much faster from tho melt than from 
tho solid body and hence it is important to see whether 
the sample had melted or not. Also, the prosonco of 
hydrogen in some of the previous investigations (Rooksby 
and.Patridge and Barta and Barta '^) roaching to form 
water, and honce causing the formation of more volatile 
Si 02 should have influenced the volatalization of ^ 

While discussing in detail about the formation of glass 
reported by Trorael et al'^ (1958) it was opinod that it is 
a remote probability that glass would form in the compo- 
sition range from 60<^to 707oAl20^ under tho very slow 

l6 

cooling conditions employed by Tromel et al (1958). 
Moreover there has been no exact statements about the 
amount of corundum formed and also there exists a 
possibility of silica evaporation and honce corundum 
formation a.t the surface layers. Also, Roy refutes 
Tromel 's hypothesis for the slow precipitation of corundum 
by the argument that, it forms easily when it is the 
equilibrium phase. The phase diagram for tlie Al20^-Si02 
system, thus proposed after a detailed discussion and 
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a critical review of the earlier work combiaed with the 
results of the investigations (fig. 1.5) reveals that 
nullite melts congruent ly at 1850° C. The solid solution 
of Al^O^ in mullite extends from ^ 71.8 (3:2 ratio) to 
74.3 ‘/r-^l 2 ® 5 * is however a possihilitj?- of the 

preparation of a metastahle solid solution from the molt 
up to 77 .3 (2:1 ratio). Silica, according to the 

observations is not soluble in mullite below the 3:2 
composition at nomal pressures. 

Though the congruent melting behaviour of mullite 

20 

has again boon questioned by Horibe and Euwabara based 
on their dotailod direct obseiaration of melting of mullite 
combined witli X-ray investigations, the results of Aramaki 
and Roy has been recently confirmed by Rohfold and 
Schwiete . iho X-ray and microscopic examination of 
AlgO^ 72-80^eand silica 28-20 Yisby wei^t and also the 
compositions of 2:1 and 3:2 mole ratios of Al^O^ and SiO^ 
after heating a,t 1820-1970°C, fully exposed to air and 
soaked for at least 40 minutes, revealed that mullite melts 
only congruently irrespective of whether the melt is 
quenched or slowly cooled. The presence of corimdum was 
observed only if Al^O^ to SiO^ ratio was greater than 2 
to 1. 

A recent comprehensive investigation by Pask 

22 

et al using diffusion couple experiments and static 





a 
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method of quenching has revoaled certain facts -sdaich arc 
quite relGvrait. The facts are (1) nullite nelts incongru- 
ently to form a silica rich liquid and a solid Al^O^ phase, 
the stable nmllite field lying below 1853°C. The incon- 
gruent melting point of mullite is observed to be 1828 + 10°C 
from the intersection of the extrapolated liquidus lines 
of mullite and Al^O^ and (2) the solid solution range 
extends betireon 70.5 to 74.0 percent alumina, and corresponds 
to a nominal composition of 3 AI 2 OJ • 2 Si 02 . However their 
static quenching techniques agreed with the earlier results 
of Bauer ot al. Higher Al^O^ solid solutions 
can be formed only when precipitated from a melt. The 
latest representation of the Al 20 ^-Si 02 system is given in 
fig. 1,6. 

1.5 CRYSTAL STRUCTURES OR MULLITE AMD SILLIMAMITE AND 
THEIR RELATIONSHIP: 

MudJ.ite falls in the orthorhombic system of 
crystals. OZhe crystals are usually acicul.or in sha,pe. The 
structural properties of the aluminosilicates are given in 
Table 1,1, The basic unit cell consists of 12 Si, 36 Al 
and 78 oxygen ions. The cell dimensions of mullite are 

a = 7.584 + 0.003 A 

b = 7.693 + 0.003 A 

o = 2.890 + 0.001 A 
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Table 1,1; Some Properties of Altunino Silicates 


Pomrula 


|Sillimanit^iindalusite { Kyanite } Mullite 

' » ' I 

; Al^O^ • SiO^ j AI 2 O 3 ‘SiO^ ‘jAl^O^ • SiOg j^Al^O^ • pSiOg 



Birefringence 0.022 0,010 0,011 0.012 


Crystal system Orthorho- Orthorho- Triclinic Orthorhombic 

mbic mbic 


Crystal habit 

PibroiiS ; 

Prismatic 

Plates 

Acicnlar 


0 


0 


0 

0 


Positions and 

d,A 

I 

d,A 

I 

d,A I 

d,A 

I 

intensities of 

3.56 

1.00 

4.58 

100 

3.18 100 

3.39 

100 

three strongest 

3.40 

1.00 

1.48 

100 

1.93 75 

3.43 

95 

X-ray reflections 

2,20 

.90 

2.17 

80 

1.37 50 

2.21 

60 
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0 ^ 

Hie iirLit cell volume is 168.61 + 20 A Mullite lias got 
a striking rcsomblence to sillimanite from the structural 
point of view and in fact on the basis of X-ray diffraction 
patterns (ref. Table l.l) it is almost indistinguishable 
from sillimanite which is of the composition Al^O^'SiO^ 
and stable at high temperatures and pressures. 

There are other forms of mullite apart from the 
a-mullite - 3Al20^*2Si02 - reported in the literature. 

They are (l) p-mullitel2 which is essentially 2Al20^*Si02 
and incidentally has excess of alumina in solid solution. 
(2) Y-^'ul-lltG'’' - having sma,ll amounts of iron oxide or 
titanium oxide in solid solution. These have been charac- 
terised by the distinguishable differences in the axial 
ratios of the unit cells and the lattice expansion when 
the inclusions as the solid solutions are made. The p and 

Y forms can bo synthesised and the natural mullite is 
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largely one of these forms, Agrell and Smith have 
reported a new socalled 'S’ mullite. The existence of the 
various forms of mullite has been confirmed later by 
various invest iga,t ors . 

The other important aluminosilicates, sillimanite, 
kyanite and ahLda.lusite, though have the same chemical 
formula, Al 20 -*Si 02 » are structurally quite different 
from each other. 
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Hiere has 136611 quite a lot of study of the 

structures of sillimanite and mullite and various relation- 

24 

ships have been suggested. Basically, the sillimanite 
structure (fig. 1.7) consists of chains of slightly 
distorted A1~0 octahedra which run parallel to C-axis. 

'Hiese are supported by double chains of Al-0 and Si-0 tetra- 
hedra in which the distribution of the A1 and Si atoms are 
ordered. Bach double chain may be construed as a 
continuous series of four-member ed rings, with each ring 
containing two Si and two A1 tetrahedra in the sequence 
Si-Al-Si-Al. The Si-O^-Al^ bond angle of 171.6° and the 
Si-Ojj-Al^ bond angle of 114.4° control the basic configu- 
ration of the ring. The O-Si-0 tetrahedral angles are 
nearly ideal (107.40 - 111.3°) whereas the aluminium 
tetrahedran is more irregular. But in both cases the 
cations are displaced from the centre of their tetrahedra 
toward 0^. 

25 

Sadanaga et al found that the unit cell of 
synthetic mullite of composition 21120 ^ ‘SiO^ contained 6/5 
of the formula unit i.e, Al^ ^0^ g, and is almost 

identical with sHliiaanlte except that the C»axie Is half 
the length of the sillimanite cell. Since a corresponding 
volume of sillimanite is Al^Si 20 ^Q they confirmed that 
while both structures have same number of cations per 
similar volume, the mullite is short of oxygen. 



A120.25 



FIG. 1-7 PROJECTION ON (001) OF THE REFINED STRUCTURE OF SILLIMANITE 
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The defect miillite structure (fig, 1,8) is thus 
derived from that of sillimanite by replacing 0,8 silicon 
atom per sillimanite unit cell by 0,8 aluminium atom at 
random and removing 0,4 two coordinated oxygen atoms (Oq), 
Furthermore, with the loss of oxygen atoms 20 percent of 
the tetrahedral cation positions become incapable of being 
occupied. Hie new tetrahedral sites, previously unfilled 
in sillimanite, occupied by the 0.8 aluminium atom that had 
been forced oiit of the normal tetrahedral site require 
coordination to the oxygens 0^ and hence these Oq are 
shifted slightly to Oq . The movement of the cations to 
the Al^ sites interrupts the continuous double tetrahedral 
chains of the original sillimanite. 

D-urovic^ has proposed a similar structure for a 
ssmthetic mullite of 1,71 Al^O^'SiO^ composition. However, 
he has concluded that all the oxygen atoms whether Oq are 
Oq , are statistically distributed on either side of the 
sjrmmetry centre at l/2, 0, 1/2 and that the new cation 
sites contain both aluminium and silicon atoms at random. 

The controversy over the distribution of the 
aluminium and silicon atoms in the tetrahedral sites and 
the spatial distribution and positions of atoms in the 
incompletely filled Oq sites was eliminated by Btirnham^'^ 
in his extensive investigations. The refined structure 
thus proposed agrees mostly. with the one proposed by 
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Sadanaga et al (fig. 1.8). Based on the high resolution 
electron density plots it has been proposed that there are 
some oxygen nuclei present at the 0^ sites and if the 
remaining oxjroens were all distributed on 0^ sites, as 
proposed by Durovic then the maximum electron density 
would not ucciu* around 0^ as has been observed. The 
question concerning the occupation of Al^ site still 
remains unansvrered. The refinements of the cation-anion 
distances though suggest that it preferentially contains 
aluiminium atoms , other structural aspects indicate the 
presence of silicon atoms also. 

Each of these investigators has considered the 
possibility of a continuous solid solution series from 
sillii^anite to 2:1 mullite. Burovic has suiggosted a general 
formula as 

where 1.25 x C 1.40 for mullite s in the range 5:2 to 

2 : 1 . 

However there has been no confirmation from experimental 
results on the possibility of a solid solution series 
from sillimanite to 2:1 mullite. The isomorphic replace- 
ment of silica by alumina in the sillimanite lattice, for 
obtaining a mullite structure is thus a proven fact. 
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1.4 PORMTIOl'T of MUILITE 

The aluminosilicates, aluminium hydro silicate s , 
artificial mixtures of alumina and silica and mixed gels 
of alumina and silica all transform into mull it e at a high 
temperature. Hie reaction may be either slow or rapid, 
made up of one or more steps but the ultimo.to product is 
always mullitc, 

1.4,1 FROM Al^SiO^ ALDMBTO SILICATES 

The ea,rlicst studies of the transformation of the 
three aluminosilicates, kyanite , sillimanite and andalusite, 
were done by Norton^® and Grei^^®. The transformations 
were observed microscopically and by volume change measure- 
ments during firing at systematically chosen temperatures. 
The conclusion is that kyanite transforms the most easily j 
traces of mullite showing up even a,t 1200°C. Mullite 
transformation is more rapid at higher temperatures and a 
silicious glass is a co-product. The observed exothermic 
effect at 1400°C when kyanite is heated is more probably due 
to recrystallisation than due to mullite formation. 

Sillimanite also transforms into mullite after 
heating at 1550°C (at nearly the eutectic temperature of 
the Al^O^ - SiO^ system). There has been no observance 
of any thermal effect. 
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Andalusite transforms into mullite at pnly above 
1440°C. Jin exothermic effect, similar to that of kyanite 
has been observed. 

According to the phase diagram only one compound, 
i.e. mullito, can be stable at ordinary pressure j all the 
other compouncis are metastable and ultimately transform 
into mullite. All tho transformations are monotropic , 
at every temperature mullite being more stable than the 
others, the motastable phases however may remain in this 
state for an unlimited time if the temperature docs not 
reach the characteristic transformation temperature. The 
transformation temperatures may fall within the two 
characteristic temperatures, 1545^0 - eutectic and 1810°C - 
melting point of mullite. 

The more important factors that may affect the 
transformation are (l) the heating rate and (2) time of 
heating. The heating circumstances in Greig's investigations 
resulted in a characteristic sequence of transformations. 
Crystals of andalusite and kyanite transform initially at 
Che edges, the transformation latter proceeding towards 
the centre, Sillimanite , however transforms in a bulk. 

The study of transformation from a crystallographic 
29 

point of view confirms the sequence of transformation 
of the threo minerals, though the temperatures of 
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transf ormatioii differ from these of G-reig's resiilts. The 
gradua-1 transformation of andalusite and kyanite from pxxre 
homogeneous crystals to an aggregate of mullite and a 
vitreous phase is again observed. The colour of the 
products are quite different in that the vitreous phase 
formed from kyanite is greenish while that from andalusite 
is colorless. Moreover, the thermal mullitization of 
kyanite undergoes with such a considerable volume change 
that a characteristic crumbling occurs. In the case of 
andalusite the volume change is not so extensive. 

A qualitative investigation of the crystallization 
of the three anhydrous aluminosilicates, with duo regard 
to the effect of pressure was done by Miyorhiro^^. The 
results indicate that mullite is the only stable mineral 
at ordinary’’ pressures, while the other aluminosilicates 
become stable at hi^er pressures. 

51 

Keyser based on his electron microscopic and 
X-ra,y investigations into the transformations of kaolin, 
kyanite and sillimanite states that imullite is the final 
compound at equilibrixma, at ordinary pressiires , of all 
mixes or minerals of the system Al^O^ - SiO^. However, 
ho found, that these transformation processes have been 
influenced by even traces of contaminating substances. 
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Tho alkalies especially inflTJsncc the transfor- 
mation. The second usiial phase is a glassy phase, in which 
the cristohalite formed during the transfoimation usually 
gets dissolved. The amount of cristohalit e formed during 
transformation according to keyser is inversely propor- 
tional to the amoimt of fliixes and to the amount of 
vitreous phases produced thereby. High glass content, 
vjhich dissolves the silica formed, enhances the crystal- 
lization of mullite. 

32 

The study of the kinetics and of transfor- 
mation of the sillimanite group minerals reveals that the 
reaction is essentially of first order. There has not 
been definite conclusions regarding the mechanism, however, 
kyanite particles of about 5 microns size seem to sinter 
and transform in a diffusion controlled process. The 
transformations have been studied throu^ X-ray investi- 
gations for kyanite and andalusite and in the case of 
sillimanite, because of the almost indistinguishable nature 
of it, specific gravity measurements have been employed. 
Impurity effect on the transformation have been studied 
by adding soluble salts equivalent to 0.5 percent of the 
respective orides. MgO has been the most suitable 
increasing the amoTuit of mullite by about three times 
even at 1250 - 1350°C. Iron and sodium oxides are less 
effective. KjT-anite is the easiest to transform followed 
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Toy andalusite and sillimanite. There were little traces 
of mullite even after 24 hours heating at 1450°C in the 
case of sillimanite. The activation energies proposed 
are 100 Kcal/mole for kyanite 140 and 170 Seal /mole for 
andalusite and sillimanite respectively. All these 
materials, as reported earlier, transform following the 
eq.uat ion , 


^Al^SiO^ > 5Al20^-2Si02 + SiO^ 

It is also observed that the particle size plays an 
important role in the transformation, the finer the 
particles the more enhanced is the transformation. 

1.4.2 FORMATION FROM KAOLIN TYPE MATERIALS 

Tho transformation of kaolinite and other related 
materials is perhaps the most important series of reactions 
in the ceramic technology. Way back from 1887 innumerable 
number of investigations have been done to study the 
transformation, but still there is a lack of reliability 
and unambiguity regarding the theoretical explanations 
about the thermal effects on kaolin. The main difficult 
region for study is between 500 and 950° 0 when kaolin 
becomes amorphous for X-rays making this most reliable 
solid state investigation technique unreliable. 
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Soma well defined reactions take place when 
kaolin or kaolin-hearing substances are heated. These 
have been proved using differential thermal analysis 
techniques. Tlio characteristics of the enthalpy change 
versus temperature curve (DTA curve) of kaolinite, 
halloysite or any kaolinite type clay minerals in general 
are the following. 

1, An endothermic (heat absorbing reaction) 
occurs between 500 and 600°C due to the release of hydroxyl 
ions. This is often referred to as the 'Water loss' or 
'Dehydration* miich is rather a misnomer since kaolinite 
lattice has only 'OH' groups and not water. 

2. A sharp exothermic reaction takes place 
between 900° and 1000°C more often known as the 'First 
exothermic effect ' . 

5. Kaolinite bearing clays show another 
exothermic effect between 1200° and 1300° C ( 'Second 
exothermic effect ' ) , 

4. Some clays show another exothermic effect 
above 1300°C ('Third exothermic effect). 

The endothermic effect is accompanied by the 
formation of metakaolinite with the dehydroxylation , 
occurring between 500 - 600°C. The reaction is 

Al20j-2Si02-2H20 — ^ Al20^-2Si02 + 202^ 
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Tho first exothermic effect is porhaps the most 
widely disputed. There exist two schools of thou^t , one 
favouring the formation of mullite phase along with silica 

and the other the formation of a spinel along with silica. 

53 n 

Roy-^ et al detected spinel phase at 850^0 in their 

electron-diffraction work. Comer^"^ also identified both 

spinel and mullite phase at 850*^0 in a Icnolinite flake 

but at 950*^0 spinel disappeared and mullite was strongly 

in existence. 

The work of Schieltz and Soliman^^ is of special 
significance with respect to the thermodynamic consider- 
ations of the kaolinite transformation. The free energy 
calculation from the enthalpy-entropy values of a series 
of reactions reveal that the most favourable reaction is , 

Al 20 ^’ 2 Si 02 3Al20^ • 2 Si 02 ) + ^SiO^ (crystalline) 

Considering the enthalpy changes in the possible reactions 
and the energy of crystallization of the various phases 
in question, the energy of crystallization of mullite was 
found out to be -336 Kcal/mole, the spinel -36.5 Real /mole 
and the quartz from the discarded amorphous silica -7,0 
Kcal/mole. Tho contribution of mullite crystallization 
to the exotherm was derived to be -112 Real and that of 
the silica crystallization as —9,6 Real, Tho silica 
crystallization has been confirmed later by EFicholson^^ , 
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Tile reaction proposed is 

SiO^ (amorphous) ^ p q.uartz 

and the exotliormic heat of reaction is -9 Kcal/mole 
whereas the liocts of reaction when 4/5 SiO^ or l/2 SiO^ 
crystallize at 980°C would he -12 Kcal/mole or -4.5 Kcal/ 
mole respectively. Hence it is now observed that the first 
exothermic reaction is due to the formation of p-quartz 
crystals from amorphous silica discarded when the kaolinite 
transforms into mullite. 

Tile second exothermic reaction between 1050 and 
1100° C is thought by Brindley and Hakahira^'^ to be the 
transformation of the spinel phase to mullito with further 
solution of silica. Further reactions end up in the format- 
-ion of more of mullite of composition 5Al20^*2Si02 and 
cristobalitc , The combined reactions are given as 

2i'3Al^0^^2St0^) + 5S±0^ 

Thejr have supported the theory of spinel formation with 

silica 

the discard of amorphous/during the first exothermic 
reaction occurring between 950° and 1000°C, 

There has been lot of contributions to both 
t,he schools of thou^ts regarding the exact nature of 
phases present during the first and second exothermic 
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peaks, Howcvei’ it is more accepted that the formation of 
mullite tsrpe phase along with amorphous silica which lator 
transforms to crystalline silica and the fitrther crystal- 
lization of mullite are the causes of the respective exo- 
therms and the transformation of the amorphous silica into 
cristohalite above 1300°C is the reason for the third 
exothermic peak around 1300 - 1400^0. 

1.4.3 FORMTION PROM SYRTHETlC RAW MATERIAIS 

The formation of mullite from ssmthetic materials 
has been examined since as early as 1923 basically to copy 
the thermal effects of kaolin. Artificial mixes of 
alumina and silica in various proportions, mixes of 
S3mthetic materials which yield alumina and silica on 
heating ha.ve been used to study the formation of mullite 
and there has been a general success in all attempts, 
though the results obtained have been contradictory. 

It is obvious that none of these artificial 
mixes, though made with a great care to bring about perfect 
homogeneity is identical with kaolin or its first products. 
The antificioJ. mixes lack the layer arrangement of atoms 
as in kaolinite and metakaolinite . These may be said 
to have more or less a coarse linear series of particles 
in the three directions of space. Hence even thou^ the 
transformation is construed to be the same as that of 
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ka,olinitc tiic heats of reaction shall be more in the case 
of artificial mixes. 

A nwnber of experiments have been made to 
determine the most favorable alnmina/silica ratio for tho 
m-ullito ssmthesis. The results have been quite contradic- 
tory and naturally so considering the fact that the formation 
depends on the processing technique whether it is sintering 

or fusion. Earlier^^""^^ Al 20 ^/Si 02 ratios of 1;1, 2:1 

42 

and 5:2 were described as most favourable. Eauhaus 
explained tho differences by the fact that sintering and 
fusion do not result in the same product, thou^ the 
starting material is the same. Accordingly a (3AL20^ + 

28102) composition yields 3Al20^’ 28102 mullite if sintered 
and a composition 2Al20 ^*Si 02 if fused. Tho melting point 
of the latter is 100° higher than that of mifLlite and 
differs from mullite in its 'a' and *b’ cell dimensions. 

An equimolccular mixture of alumina and silica also yielded 
the same products under the respective conditions. 

The formation of single crystals of mullite is 
indeed diffic^■LLt because under ordinary circumstances 
i.e. when silica volatallzation is not prevented mullite 
melts incongruently . It was Bauer et al idio first 
produced single crystals of mullite using Nomeuil 
technique and an oxyhydrogen flame and maintaining a 
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steep temperatiore gradient tliereby circumventing th.e 
incongruent melting region and preventing the formation 
of corundum. The starting materials were calcined ma.terials 
from repeatedly precipitated ammoniimi alum and silicic 
acid. This was followed hy Barta and Barta who synthe- 
sized from varying mixtures of minerals have characterized 
a compound 5Al20^*4Si02 and identified as an individual 
minorol named Praguite. Under strong reducing conditions 
only corundum has been observed due to the volatalization 
of silica due to the Increased H2 content, later leuhaus 
and Richartz ' succeeded in synthesizing mullite single 
crystals varying from 3Al20^ *28102 to 2Al20^*Si02 depending 
upon the UerncVi.il mount cooling. 

The formation of poly crystalline mullite from 
materials apart from clays and gels has been attempted 
since the last few years. Several diverse techniques like 
cold pressing ccnd sintering, hot pressing melting and 
quenching ha,vo been used. The formation of mullite from 
mixtures of a-quartz, silicic acid or p-cristobalite with 
diaspore (HAIO^) , gibbsite [Al(OH)^] or a-alumina has been 
studied by ¥oJal et al^^. Each of the silica containing 
materials wa,s mixed with each of the aluminous materials 
in the ratio of 1 ; 4 , 2 ; 3 , 3:2 and 4:1 and fired to 1450 °C. 
X-ray diffraction studies reveal that mullitization is 
influenced mo.ro by the structure of the starting materials 
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than by 'the nolo percent variations. Diasporo combined 
with the forms of the silica to form mullito at lower 
temperatures than did gibbsite or corundum, 

44 

Preprration of mullite from pure altimina and 

pure quiartz 3.‘esulted in some unreacted alumina and silica 

even thou^ the mixing was intimate and the firing was 

done at 1500° - 1540°C for 12 days. Further confirmation 

of the results of Uetihans and Eichartz^^ ho.s been obtained 

45 

from Fenstermaciier and Hummel , They have attempted to 

sinter 3:2 and 2:1 compositions at 1710° C and 1650°0 

respectively, using l%MgO to facilitate th..; reaction. 

Unreacted corundum has been observed in both cases, though 

considerably more in the 2:1 composition. The a,uthors 

found that a mechanical mixture of 3:2 composition and 

a-alumina produced the identical X-ray patterns to fired 

2:1 specimen. All the well authontica.ted examples of 2:1 

mullite have been produced from melts. Thus it is 

concluded that 2:1 mullite is only metastable transfomlng 

into 3:2 composition on heating. The reason for this 

19 

according to Aramaki and Roy is the formation of more 

3+ 

four coordinated A1 ions in the liquid which do not 
rearrange to six coordination on cooling. 

The method of formation of mullite certainly 

46 

affects its morphology. It has been obseived that in 
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the absence of a liquid phase, mullite formed from tho 
mixture of oxides resulted in chunky crystals, idiile the 
needle-like morphology invariably requires the presence 
of a liquid phase. It appears that mixing on a scale 
approaching to molecular levels is essentia.1 as in (l) 
reactive sputtering of oxides to form thin mullite films 
(Williams et al)^ , (2) thermal decomposition of kaolinite 
or (3) solidification from the melt to obtain mullite 
needles. Mullite made by melting and cooling is of 2;1 
composition having a needle-shaped morphology, irrespec- 
tive of the starting composition. However, on heating, 
this transforms to mullite of 3? 2 composition and a- 
alumina retaining the acicularity. 

The growth of needles occur along the C-axis. 
Aluminium which is nearly always octahedrally coordinated, 
in the crystal3.ino state, can replace silicon and thus 
attain four -fold coordination at high temperatures, 
especially in glasses. Hence at the time of crystallization 
of mullite from the melt A1 ions have equal ease to get to 
either four-fold or octahedral coordination. For the 2tl 
composition, 2.8 tetrahedral A1 must be added for every 
2 octahedral A1 to add another unit cell, -^diile in the 
3; 2 mullite it is 2.5 for every 2 octahedra-1 aluminiima. 

The process of sintering does not take place 
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during mull it o formation and it happens only after mull it e 

48 

is formed. This has heen observed hy Budnikov et al 

4.0 

and Eroll and Polybayorinov . Phis is thou^t to be due 
to the arrest of sintering In the high temperature region 
due to the expansion and formation of a mullite 'frame 
work*. It is a, Jenown fact that the formation of compounds 
in the binary md polynary silicate systems is often 
accompanied by a decrease in density within a certain 
temperature interval. The same has been true of mullite 
in the tempcrat'ure region 1550 - 1650^0. In extension of 
the nullitiza.tion mechanism of the dehydrated kaolinite 
to that of mullite formation from the oxides shows that 
silica diffuses into porous grains of alumina, creating 
pores in places where silica had been and the expansion 
of the samples due to mullite formation. Tbc fact that 
the surface energy of the system due to the fine grinding 
of starting materials is used up on mullite formation and 
the construction of mullite lattice and the excess energy 
obtained during the chemical reaction is lost in the 
spontaneous correction of lattice defects has been 
logically and practically explained by Eroll and 
Poluboyarinov^^, by sintering mixtures of mullite 
obtained from the oxides at three different temperatures; 
the beginning and end of mullitization and the beginning 
of sintering. This has resulted in a completely dense 
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material at nearly 1700°C caused primarily by the fine 
milling and the higher reactivity of the incompletely 
sintered mullite. 

The formation of mullite from AlT^ and kaolin 
and AlF^ + SiO^ has been extensively studied by locsei^*^. 

The formation of mullite from AH'- ( 97 . 9 ^/AIT'., + 1.9^/Al^O:,) 
and Zettlitz kaolin (Al^O^ 38.5, SiO^ 46.95, other oxides 
2.0, heat loss 12.8 ) in the ratio of 39.5 to 60.5 occurred 
at 1100°G, The possible reactions occurring are proposed 
to be 


AlP^ + 3H2O Al^O^ + 6 HP 

4A1P^ + 3Si02 Al^O^ + SiP^ 

SiO^ + 4HP :^SiP^ 4 gH^O. 

Stoichiometric 211^0^ -SiO^ was formed when the mixture was 
heated. The heating allowed equilibrium to occur at 550*^ - 
600*^, 700° - 750° and 800 - 950°C. The final products 
seem to depend on the heating rate and ratio of fluorine 
leaving as 8iP^. At the optimum heating rate if the above 
ratio is 0.47 the product is mullite and at ^ 0.5 and 
0,42 cor'undujii and mullite + silica phases develop. The 
activation energies of mullite formation and kaolin 
dehydration have been reported to be 960 and 99.8 cal/gm 
respectively. 
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The formation of mtaiite from AIF^ and SiO^ is 
believed to be the last stage of a two step reaction. The 
first stage consists of the formation of topaz, accompanied 
by the emission of SiP^ at 700 - 900°C and 600°C respec- 
tively. The evolution of SiP^ continues during the second 
stage at 900^0 simultaneously with the formation of mullite. 
The final product depends on the AlP^ : SiO^ ratio; with it 
at 4i‘29 the products are quartz and mullite; at 1.29 
ratio 4^ 1,87 “ the products are mullite and corundum 
and at N 1.87 the product is corundum. Water acts as a 
catalyst reacting with AlP^ to form HP which in turn reacts 
with silica to form SiP^. 

The synthesis of mullite from various synthetic 
raw materials yielding the respective oxides on heat still, 
continues to be an active field of study and there have 
been lot of patents on the various methods of synthesis. 

The more common materials used are Diaspore , clays, 
gibbsite , bayerite AlP^ as the alumina yielding sources 
and quartz, crist^obalite flint and other siliclous 
compounds. Most of these studies are done to synthesize 
mullite in situ in the ceramic bodies. However considerable 
studies are ai-so on for making sintered mullite as a raw 
material for further applications. 
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1.4.4 FOilllAIION PROM GELS 

II? has been known long since that it is gels 

and not the 8,rtificial mixes that give a suitable , finely 

dispersed material of hi^ reactivity, as a starting 

material. The earliest attempts to form mullite from 

coprecipitated gels of alumina and silica wore to study 

the thermal characteristics of gels. Coprecipitated gels 

51 

made from sodium silicate and aluminium chloride , from 
aluminium nitrate with ammonium hydroxide sodium meta- 
silicate with an excess of HCl^^ reacted to form mullite 
over 1100*^0, In samples with higher silica and alumina 
content cristobalite and corundum were the other phases 
present. The mullite formed in the latter case was of 
5A1„0^ ‘RSiO^ composition, at least this ratio gave the 

CL J C. 

hipest yield of miillite. The non-observance of solid 
solutions contradict the recent authoritative phase 
equilibria studies. 

Gels prepared fnom alkali silicates -are nearly 
impossible to purify. Several methods have thus been 

.53 

proposed to eliminate these difficulties. Co precipitation 
from ethyl ortho silicate and aluminium sulfate solution 
by ammonium hydroxide yielded gels of the ratio 
2310^ which when healed above 950° have shown the 
presence of muilite only, Roy has improved upon this 
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throu^ the prucipitation of silica by the addition of 
liCl to ethyl orthosilicate. Previotisly added alniainiiim 
nitrate is ad-sorhed on the surface of the gel, ‘B^raporation 
of the water and ethyl alcohol obtained during hydrolysis 
result in a hi^ly reactive gel which when fired at 450° C 
yield amorphous highly reactive oxides. 

Bid el and Jouenne^^ formed m-ullitc at 960 with 
an exothermic reaction between amorphous alumina and silica 
gels in a water suspension, A second exotherm at 1215°0 
occurred as a result of the formation of secondary mullite 
from silica and alumina. 

eg 

Otani and Kojima thermally decomposed methyl- 
siloxy alumini-um compounds to prepare gels with Si 02 /Al 2 O^ 
mole ratios of 1.61, 1.58» 1.04, 0,612 and 0,141, A 
’mullite*-like ’ phase was detected above 1050°C in the last 
composition and at above 900°C in the rest. However 
mullite as a distinct crystalline phase was detected oxily 
above 1400°C in all but the first mixture. 

57 

Crofts and Marshall have suggested another 
unique method of forming mullite. The technique essentially 
consists of a slow injection of 10 percent solution of 
AlCl^ and SiCl^ in liie appropriate Si/Al ratio in the 
diethyl ether layer throu^ a rubber diaphragm into a 
rapidly stirred solution of approximately 6 volume percent 
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ammonia maintained at 50^0. M amorphous colloidal 
precipitate thus formed reacts at 1400*^0 to yield mullito 
as the only phase. 

A more convenient, easier and cheaper method of 

ssmthesis of high purity mullite has recently been reported 
58 

by Ghate et al . The method involves gelation of y- 
alumina and araorphous silica at a pH of 6 - 7 > drying the 
gel at the rate of 12C°0, followed by crushing and 
screening through 120 mesh. 'The powder thus obtained is 
heated at 1400° C for 20 hrs. The resulting powders are 
of Ipm in size and have less than 100 ppm impurities. 
Particle morphology is rather globular and mullite is the 
only phase present. 

The formation of mullite from gels have been 
investigated from all angles, academic throng industrial 
applications. Even thou^ the temperature of mullite 
formation is considerably reduced due to the higher react- 
ivity of the starting materials, the cost of the pure r<aw 
materials and processing make the product too costly for 
a large scale production. However for a ultra pure mullite 
for specialised applications, the formation from gels 
is a more prospective way. 
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1.5 EFFECT OF HIEBR^IZBRS ON MULIITE FO|UyiATION 

There have always been efforts to form mullite 
from the various materials concerned at a lower temperature 
of firing or to have a higher yield. The use of admix- 
tures for this purpose or mineralizers have been thought of 
and studied in detail quite extensively. It is genera.lly 
agreed that bhe mineralizers influence the quality and/or 
the quantity of the products. These foreign substances 
also influence the quantitative phase distribution. 

Several authors claim to have succeeded in increasing the 
mullite content of some ceramic wares by judicious use of 
certain mineralizers. However, the results are extremely 
contradictory, even to ^ the extent of diametrically opposed 
effects on the same material with the same mineralizers. 
Moreover there is no fully reliable theory put forward to 
explain the effect of mineralizers on the formation of 
mullite . 

The effect of mineralizers on the formation 
of mullite had been noticed as early as 1928 by MeVary 
and Hiirah in refractory briejee of diaspore which get 
enriched in alkali oxide and vanadium pentoxide on their 
surfaces. Magnetite according to them is a good mineralizer. 
Since then there has been lot of work done to study the 
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effect, file studies include apart from a large list of 
mineralizers, variation in temperatures, firing time, 
starting materials, amount of mineralizers and firing 
conditions. Every individual author has produced his ovna 
results and optimum conditions. Observations have also 
been made regarding failure of the same mineralizers under 
conditions like (1) exceeding the optimum .percentage (ii) 
above an optimum temperature and time of firing and (iii) 
in the case certain starting materials. The detailed 
investigations of the various authors are produced in a 
tabular form (see Table 1.2). 

It was Budnikov^^ -sdio first tried to set things 
ri^t in this chaotic problem of mineralizers. Their most 
important achievement is to have noticed that the effect 
is a function of the ionic radius to ionic charge ratio (r/e) 
i.e. the order of effectiveness decreases as the r/e ratio 
decreases. But this has been contradicted by Ha,zarenko 
and Sviridenko (1954) whose hypothesis is diametrically 
opposite. Their contention is that in the case of an 
identical charge the mineralizing effect grows proportion- 
ately to the decrement of the ionic radius. 

The other theory explaining the effect of 
mineralizers is the formation of a molten phase which 
accelerates mullite formation and crystallization. 



I 


4G 


Table 1.2; Studies on the Effect of Mineralizers 


r 


Author 


Ref 

No. 


Experimental Details 


1 

I 

{Results and Discussion 


Yoshioka 

and 

Isomachu 


(1930) 


59 Admixtures; Pe^O^, Sequence of efficiency 

B^O^, Steatite, Ortho- Pe20^ , ^ 2 ^ 3 * Steatite 
clase Talc, CaO, CaP 2 Orthoclase, talc, CaO 

Temp, of firing: ^^^2 

1400*^0, Time = 1 hr 

Mullite determination 
by HP residue 


Kraner 

(1938) 


Fakai and 
Pukami 


(1939) 


60 Fusion of a-quartz and Mullite formation, 
a-AL^O^ prevented by these 

Additions; Na2C0^ additions. Only crys- 

(4.5*^*), talline- constituent 

CaO (>10 7.) cast as was corimdum 
refractories 


6l Starting materials i 
Korean kaolin, 

Kaolin- air mina mix and 
a quartz-alumina mix 
Mineralizers - i-, 2 
and 5 

Piring temperatures - 

900 to 1450° C 

mostly oxides, tungst- 
ates and molybdates 
xvere studied 


Every substance has its 
temperature int erval of 
optimum effect 900- 
1000° C - Molybdenum and 
Boron compounds are 
effective 

G-eneral use - Copper is 
useful 

For Li^ temp. - Manga- 
nese (>1300°C) 


Continued . . . 
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Table 1,2 continued. 


Parmelee j 
Rodrigues 
(1942) 


Mineralizers: Oxides Oxides of Zn, li. Mg, 
of Zn, Li, Mg, Pe, Mn, Pe, Oe and Mo - good 
Ce, Mo, Ka, K, Ti, Sn, mineralizers 
B and Ca, Boric oxide and CaO - 

Temp, of firing - 1300 , fair Na, K, Ti and Sn 
1400 and 1500°G oxides - Ba.d proportion 

HP leaching for the of mullite appreciably 
quantitative deter- affocted by l%mineral“ 

mination izers. Larger variation 

hat? little effect Ll^O , 
MgO and ZnO were especi- 
ally good at temperature 
^1400°C 


Akiyama 

and 

Kadogawa 

(1943) 


63 Mineralizers; AlP^ , 


ilCl, 


Jil2(S0^)3 


UaCl, NagOOj and HOI 
P ar ame t er s : Quant i ty 
1-5 percent j 
Piring time - 2 hrs; 
Piring temperature: 
1430°C 

Method of phase 
composition control- 
Z-ray and microscope 


The most effective ones 
are ITa 2 C 0 ^ and in a 
lower degree ^^.^(SO^)^ 


Budnikov 

and 

Slimukler 

(1946) 


Clays and kaolins 
subjected to a 
firing of 1000 - 
1600^0. 

Time periods - 
1, 3 and 18 hrs. 


Larger the value of tho 
ratio of ionic radius 
to the ionic charge, 
more effective is the 
mineializer 


Contiiiued, . , 
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TaTole 1.2 continued. 


Palmer! 

( 1951 ) 


I I 

65 Kao Unite fired betwe- 
en 945 and 1350 °C with, 
and without admixtures. 
Percentage of admixtu- 
res was constant - 
3 percent 

Optical s electron- 
optical and 1-ray 
methods for mullite 
detection 


First mullite reflecti- 
ons of the HP residue 
was observed just above 
945° 0 if the firing 
lasted for 30 hours. 
Sequence of effectivity 
of mineralizers used; 
Oa-t' 2 » ^ 2 ^ 3 ^ OaO ^ 1 i Cl ^ 
Mn02 and finally MgO, 


Skinner 
et al 
( 1953 ) 


66 Mineralizing effect 

of Ti025 ^®2^3 
of alkali oxides 


Mineralizing effect of 
Ti02 depends greatly on 
^203/810 2 ratio. In 
certain cases adding 5 
TiO^ is more effective 
than 10%Al20^. Fe20^ 
is good when added less 
than Alkali oxide 
have no positive effect. 
They oven decrease 
mullit izat ion 


Avugustinik 
et al 
( 1954 ) 


67 Mullite formed from 
3 parts Al20^ and 2 
parts SiOp In the 
presence of li , 

Ha'^ jK"*" jMg^"^ , , 

Ca^"^ , , Cr^'*’ , Fe^"*" , 

Ti^"^ and at 

1400 °C for 4 hrs 


For the same valence , 
the effectiveness incre- 
ased as the raditis of 
the cation decrea.sed, 
and for the same radius 
it was gieater for lower 
valence cations 


Continued. . . 
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TalDle 1.2 continued. 


Iloore and 

Prasad 

(1955) 


68 


’Kaolln-alumin mixture^' All except ferric oxids 
corresponding to silli- gave maximum amount of 


man it e and mull it e 
compositions were 
fired in the temp, 
range of 1500-1600° 
for 24 hrs. The quan- 
tity of product was 
determined hy X-ray, 
Mineralizers s Salts 
of Na, K, Li, Mg and 
Oa and oxides of Mh, 
Ti and Pe 


mullite idien added in 
quantities of 1 percent 
or less. 

Additions moro than than 
* opt imam' amoomt decre- 
ase mullite formation to 
even less than that wit- 
hout any mineralizers 
’Break down' of the 
moillite phase occoors in 
these cases forming 
glass and conrundum 
rich phases 


Wa,zarenko 

and 

Sv’-iridenko 

(1956) 


69 Experiments on mixtu- 
res of p-quartz and 
Y-aloimina heated to 
1000-1600°C. 
Additions? Fluorides, 
chlorides and carho?- 
nates of Li, Ma, K, 
Mg and Oa. Oxides 
of Zn, B, Or, Be, 

Mn and Ti ^ 


Degree of mullitization 
increased with the dec- 
rease of ca,tion radius , 
Li a,nd B ions were 
the most effective , with 
the smallest cation 
radii. There appears 
to be an optimum tempor- 
ataare of heating and an 
optimom doiration of 
heating for each miner- 
alizer , 


Oontinued . . . 
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Table 1.2 continued. 


Budnikov 
et al 


(1965) 


’ 70 ’5:2 coprecipitated ’Degree of mullitization 
■gels of SiOg and Al^O^ -witbout a.dmirtuxes = 55 
uith Ba^'*’, Ca^'*’, with Ba^"^, Ca^"*" and Be^"^ 

Be^"^, B^"^, Ti^"**, Mn^"^, = 91 » 88 and 75 respocti- 
Mg^"^, Be^"^ and Ui^"^ as vely. 

mineralizers, fired at The ions B^"*", Ti'^*^, Zr^'^ , 

1550^0. Mn^'*’ and Mg^"*" were ineff- 

ective. 

5+ 5^ 

Be 0 ,nd TTi decreased 
mullitization by 46 %and 
40)lr espectively . 
Conclusions yield is 
directly proportional to 
the radius/charge ratio 
of the cations 


Chaudhri 71 Influence of alkalis, Na^O, Z„0 and CaO were 

(1969) ^ 

alkaline earth oxides, most effective at lovjer 

Be 20 ^ and TiO^ on mul- con centra.t ions (1%) 

litization in kaolin - -whereas TiO^ and Be^O^ 

studied using X-ray enhanced mullitization 

diffraction techni- -vhen added in amo-unts of 

q.ues. approximately 4%. 
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ri^t. Ihe presence of volatiles , have also been observed 

7 P 

to have a positive effect;S ‘-^It has also been observed 
that CQrta,in admixtures decrease the quantity of mullite 
produced, 

Grcfcsik, however, is of the firm conclusion 
that the contradictions are due to the methodological 
errors in detecting and determining the mullite content 
by X-ray, planiootering and dissolution by hydrogen fluoride. 
Based on their investigations , they conclude that the 
quantity of mullite is never increased by the presence of 
mineralizers, or the heating temperature or tine. The 
maximum stoichiometric quantity of mullite is always 
obtained provided the temperature and time of firing is 
sufficient for the solid-state transformation. However, 
there is a well, pronotinced effect on the mullito crystals - 
their size and specific surface get altered by the presence 
of admixtuces. The size increases even by two orders of 
magnitude accompanied by a drastic reduction in the specific 
surface. 

7*0 

A more recent investigation by Mckonzie 
provides a lot of information about the various minoralizer 
effect. Ho has examined the effect of 28 exchangeable 
cations and 21 exchangeable anions as well as the effect 
of atmosphere on mullite formation. The sommary of their 
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conclusions is as follows; 

(1) Alkali and alkaline earth cations effect the formation 
proportional to their size to charge ratio, 

(2) The transition metal cations act according to their 
oxygen a,ffinity. 

(3) The kinetic studies on the transformation of homo ~ 
ionic cla,ys reveal that the mechanism involves a 
nucleation controlled rate step. Ihe cations are 
thou^t to influence the rate of formation of mrllite 
by providing lattice sites of suitable energy for 
nucleation. 

(4) In the case of anions, their inclusion in the lattice 
due to their size effects and the repression of 
formation by tetrahedral ion is thou^t to involve 
the modification of the reactivity -of the silica 
network by surface adsorption effects, When an anion 
forms sta.ble complexes with the cations in clays the 
reduction in mobility adversely affects the formation 
of mullite., while the least stable anions containing 

r 

nonmetallic atoms,, inhibit the formation the least, 
suggesting dissociation at high pressures, 

(5) Ihe tr^j^sf ormatioh of clay is greatly enhanced by 
water vapor, and vacuum. 
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Nitrogen and hydrogen havo a less pronomced 
effect Tfifailo oxygen and CO^ retard the fornation. 

The complexity of the results with all their 
contradictions provide lot of difficulties for one to 
make a choice of a mineralizer to enhance mull it iz at ion. 
However, considering the starting materials, temperature 
and time of firing, atmosphere etc,, the choice is to he 
done for a successful product. However, some of the 
accepted positive mineralizers are iron oxide, magnesium 
carbonate, zinc oxide, calcium oxide, boric oxide, tin 
oxide, copper oxide, manganese oxide and fluorides like 
AlH^, CaP 2 » BaP^, Na^SiPg etc. 

1,6 PROPERTIES AND APPLICATIONS 

HuiJ.ite is a characteristic constituent of all 
ceramic products made from aluminosilicates, Mullite 
ceramics are technologically attractive because of their 
excellent high temperature mechanical sta,bility and 
thermal shock resistance. The various properties — 
structural, thermal, mechanical, chemical, and 
electrical are given in i±ie tabular forms (soe 

Tables 1,3 to 1,7), 

The applications of mullite constitute a wide 
spectrum from huge fusion cast refractories to small 
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Table 1,5: Structural Properties of Mullite 


Property 

Formula wt (g/mole) 

Crystal system orthorhombic (°A) - a 

b 

c 

Unit cell volume (°A^) 
ThcoreticrJ. density (g/cm^) 
Melting point (°C) 

Hardne s s ( Jlho s ) 

Index of refraction (ilp) 
Birefringence 
Optical choxacter 
Crystal habit 

Positions and intensities of three 
strongest Z-ray diffraction 


1 

J Value 

1 

»-■ - 

425.94 

7.584 ± .003 
7.693 + .003 
2.890 + .001 
168.61 + 20 
3.16 - 3.22 
1850 
7.5 
1.65 
0.012 
positive 

Acicular or Prismatic 
0 

hkl d, A 

'120 3.42 

121 2.21 
331 1.53 


55 


Table 1«4-: Thermal Properties of I!ullite 


Property 


Conductivity, Oi^j^porosity 
[ Cal/sec/cm^/'^'O/cm] 

100° C 
200° C 
400° C 
600°C 
800° C 
1,000°C 
1,200°C 

Expansion ( xlO*"'^ /° C ) 
at 20 - 1525°C 
25 - 500°C 
25 - 1000° C 
25 ~ 1500°C 


Value 


0.0145 

0.0132 

0.C113 

0.0103 

0.00S7 

0.0095 

0,0093 


4.5 

4.63 

5.13 

5.62 
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Table Mechanical Properties of Mnllite 


1 

Property } 

- - . - ... - - * - - - - - „ f . 

Value 

Shear strength at 1100°C (xlO^ psi) 

• 

CM 

Young's modulus density = 2.77 
g/cm^ (xlO° psi) 

at 25°C 

18.4 

400° C 

18.9 

300° 0 

14.8 

1200°C 

4.0 

6 

Modulus of rigidity nonporous (xlO psi) 

at 25°C 

8.5 

500°C 

7.1 

900° C 

4.8 

1000°C 

4.2 

3-100° C 

4.0 

Shear modulus d = 2.779 gm/cm^ at r.t (xlO^ psi) 

8.58 

Bulk modultis (xLO^ psi) 

13.20 

Modulus of rupture d = 2.77 (xlO^ psi) 

25 - 8500 
400 - 13500 
800 - 16700 
1200 - 11500 

Poisson's ratio d = 2.779 (r.t) 

0.238 

Creep at 1200 psi; 1100°C (xlO^ in /hr) 

0.4 

Deformation under load {%) 

50 psi at 1450°G 

0 

25 psi at 1650°C 

2 
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TaTolo 1,6; Cliemical Properties of Mullite 


Property 

I 

{ Value 

Chemical nature 

Slightly acid 

Limit of usefulness (*^0) 


in air 

1800° 

in vacuum 

1500 - 1700 

Stability 

in reducing atm 

Pair 

in carbon 

Pair 

in acid slags 

Good 

in basic slags 

Fair 

in metals 

Pair 

in most acids 

Insoluble 
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Table 1.7; Electrical Properties of Hullite 


Property- 


Value 


Dielectric constant 


Specific electrical resistance 


ohin cm 


at 600 0 


1400°C 
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crucible and ceramic ware and recently electronic subs- 
trates. 

The hi^ alumina refractories which constitute 
the most important and the most diversified groups 
refractory ma,terials offer improved resistance to abrasion, 
spalling, impact or load, high refractoriness as well as 
excellent resistance to corrosion by acid slags at high 
temperatures. A good mxillite refractory consists on an 
average 85 percent mullite by wei^t. The glass should 
not exceed 5 percent; by weight and it should be higtily 
siliceous and have a high viscosity. Unreacted alumina 
to the extent of 5-6 percent is also an usual occurrence. 

The areas of application of mullite refractories 
include metallurgical industries where these are used as 
electric are furnace roofs, hot metal mixers, heating 
furnaces, and low frequency induction furna,ces. In glass 
industry mullite is used in the form of blocks in the 
upper structure of the glass tank and for constructing 
tho drawing chambers of the furnace, Mullito is also used 
as kiln setting slabs, posts for firing wares and lining 
for higi temperature reactors, 

P-usod mullite is the normal raw material for 
mullite refractorios. However, the use of sintered 
mullito is also quito considerable. Sintered mullite 
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CHAPTER 2 

STATEMENT OP THE PROBLEM 

Th.e oTojective of the present investigation is to 
make miillito by sintering at a lower temperature than that 
usually adopted. The product aimed at is to have as good 
properties as of conventional fused mullite and be as a 
low cost as that of sillimanite. Since the cost of the 
end product is an important factor, the raw materials and 
the processing techniques have to be appropriately chosen. 

The study consists of two parts, (a) preparation 
of sintered mullite and (b) characterization of the product. 

Preparation of Sintered Mullite: 

OliG preparation of sintered mullite was studied 
with the following parameters. 

( i) Raw me.terials; 

> 

A huge list of raw materials exist for the 
production of sintered mullite. The more important and 
widely used ones, however, include kaolins or china clays, 
diaspore, byanite, gibbsite , bayerite , bauxite as the 
sources of alumina, clays , quartz flint, fused quartz and 
of late paddy husk as the sources of ^lica. Thero 
are many combinations of the above materiHift for making 
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Bintored mullltG, 

The raw materials used in the present study are 
limited. They are Kundra (Zerala) china cla3’-, alumina A = 2 
and A = 16 a,nd H^'dral 710 -• a. hydrated alumina - all from 
The Aluminium Company of America ( ALGOL) , Basher Alumina from 
Madras Aluminium Company Ltd, (MALCO) and Flint 'Dust Collector 
fines. 


(ii) Alumina /Silica ratio: 

The alumina/silica ratio was ■varied slightly 
around the theoretical mullite composition 72 LI 2^-^/ 
by varying the amounts of clay and alumina in the starting 
mix composition. The mix compositions were of the clay to 
alumina ratios as 45 / 55 , 50 / 50 , 55 / 47 , 55/45 and 57 / 45 . 

These ratios correspond to the Al^O^/SiO^ ratios 76.70/25.30, 
75. 9 /26. 1 , 72 /28, 71. 1 / 28.9 and 72/28 (hii0%Si02 evaporation) 
respectively. 

(iii) Sintering temperature; 

The sintering temperatinres were- 1400^0, 1450^’C, 
1500°C, 1550°C and 1600°C. The 1400°C runs were taken in 
G-lobar resistance. 4 furnaces and the others i® oil fired 
(1450°C) and gas fired furnaces. 

(iv) Soaking time: 


The soaking times at the various peak temperatures 
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sintored aullito. 

The raw materials used in the present study are 
limited. They are Kundra (Eerala) china claj’-, alumina A = 2 
and A = 16 and H^dral 710 ~ a hydrated alumina ~ all from 
The Aluminium Company of America (ALCOA) , Bayer Alumina from 
Madras Aluminiuim Company Ltd. (MALCO) and Flint Dust Collector 
fines. 


(ii) Alumina/Silica ratio; 

The alumina /silica ratio was varied slightly 
around the theoretical mullite composition 72 iLL2*^^/28Si02» 
by varying the amounts of clay and alumina in the stcorting 
mix composition. The mix compositions were of the clay to 
alumina ratios as 45/55, 50/50, 53/47, 55/45 and 57/43. 

These ratios correspond to the Al20j/Si02 ratios 76.70/23*30, 
73.9/26.1, 72/28, 71.1/28.9 and 72/28 (hdl0%Si02 evaporation) 
respectively, 

(iii) Sintering temperature: 

The sintering temperatures were 1400°C, 1450^0, 
1500°C, 1550°C and 1600° C. The 1400° C runs were taken in 
Clobar resistonce, d furnaces and the others i® oil fired 
(1450 C) and gas fired furnaces. 

( iv) Soaking time: 


The soaking times at the various peak temperatures 
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,,--ero 6 and 12 lire at 1400°0; 6 hrs at 1450°C‘, 3 hours at 
1500°C and 2 hours at l600'^C. 

(v) Mineralizers; 

Iho effect of mineralizers was indeed an important 
parameter in tho study, A whole range of mineralizers havo 
been tried and their effects on mullitiaa,tion have boon 
studied. The raineralizers include oxides of zinc, mngnesium 
(as carbonate), copper, manganese, boron, titanium, fluorides 
of calcitna and aluminium and ciT’olite and sulfa,tos of copper 
and manganese. These inclusions have to be kept at a, minimm 
so tha.t the ultimate product can be pure having loss glassy 
phase. It is important that the glasy phase in the product 
is kept at a minimum since it affects tho high temperatiu’o 
properties. Proo alumina as corundum is tolerable since it 
does not seriously affect the high tempera tui’c properties. 

In fact it provides better strength at high temperatures. 

Characterization of the Products 

The characterization was done by studj^'ing the 
following properties (i) density, (ii) porosity, (iii) 
shrinkage, and (iv) modulus of rupture. 

Phase analysis was done primarily by X-ray 
diffraction studies and later confirmed by -chemical analysis 
and photomicrography. Quantitative determination of the 



ra-ullite in the produci: was p,lso carried ont in certain 
products. 

The intended applications of the product are (i) 
as a refractory raw material for the mantif o.cture of high 
alumina and nmllite super refractories, (ii) as a grog in 
the super refractory oasteb3.es and (iii) in coramic wares 
for high tempei'^ature applications like crucibles, furnace 
tubes thermo coi-'ple sheaths etc. i^diere the product (sintered 
nullite) is formed in situ. 
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CHAPTER 3 
EXPBRBIBNT/il- 

3.1 PREPAMTION OP IIULLITB 

3.1.1 RAW I4ilTERIAlS 

There exists a wide range of raw materials from 
which muLlite can be S 3 mthe sized. The choice of the raw 
materials was governed by the following factors (i) Cost of 
tho raw material (ii) Qnality and availability ( iii) Ease 
of formation of mtillite from these materials and ( iv) 
Rella,bility of the source of the materials with regard to 
the quality of conformance and consistency of tho supplies. 

The final choice Includes uncalcinod china cla.y 
from Kerala as the major source of alumina and silica and 
for the extra alumina needed for the complete transformation 
various types of alumina.s A = 2, A = 16 and the hydro,tcd 
alumina, hydra,! 710 from ALCOA and Bayer alumina from 
MAICO were used. The ALCOA aluminas have been used since 
they are the industrial standards for the production of 
sintered alumina and mullite all over the world. However, 
the MALCO alumina, seems to be a good replacement and 
hence it has also been used. 
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The various types of alumina were used to exploit 
some of their different characteristics for tho mullite 
synthesis. A = 2 alumina is a coarser calcined alumina 
but quite cheaper compared to A = 16 and hydral 710. 

A = 16 alumina is a very fine, superground powder of median 
particle size of about 0.5 micron and is highly reactive. 

It sintered to 99 theoretical density when fixed to 1550° 
for 1 hour. Tho hydral 710 is actually Al(Cli)^ - a hydrated 
alumina with about 55*/(^wator, On calcining, it forms 
Y-iil^O^ which is also very reactive. MillCO alumina even 
thou^ coarsest of the lot is cheapest and above all is an 
indigeneous material. It has proved to be a good replace- 
ment for A = 2 in other applications. 

Some typical properties of the various starting 
materials are presented in Table 3.1. 

The mineralizers used were fine powders (minus 
A.S.T.M.) and of Lab reagent quality. These wore 
added in specified amounts per 100 gms of each mix. The 
amount of mineralizers added was kept within a certain 
range the maximum amount being 1 to 5% depending on the 
mineralizer, to minimize glass formation, 

3.1.2 PREPROCESSING OP RAW MATERIALS 

The china clay from the attritor house (finer 
than about 50 microns) was sieved throu^ A.S.T.M, 325 
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mesh and the finer fractions were analysed for the particle 
size using the Andreason’s pipette technique. 

The A = 2 alumina was ground in a pot mill for 
24 and 48 hours respectively using a charge to grinding 
media ratio of 1 to 4« The pot was made of hi^ alumina 
porcelain and so were the grinding media. The particle 
size of the as received and the gro^md materialc; were also 
analysed by Andreason's pipette method. The analysis is 
presented in fig. 5.1. 

The Layer alumina from Malco (which is finer than 
240 mesh A.S.T.M.) is ground in a ball mill for 12 hoiirs 
xirith a charge to media ratio of 1 to 2 using a porcelain 
jar and 1” porcelain balls. Ihe fine powder thus obtained 
X'j-a.s 95-99 %fii''-or than 525 mesh A..S.T.M. 

5.1.5 MIXING AND MOULDING 

MIXING 

Based on the composition of china clay { 37 %. 

Al^O^ and 48yjjSi02) and considering the formation of 
mullite of 72 fluimina and 28 SiO^ composition, mixes having 
varying amomts of clay and alumina were prepared. 

Initially clay to alumina ratios of 45/55, 50/50, 53/47 
and 55/45 were tried to study the effect of the composi- 
tion variation on the phases formed. Based on the X-ray 



Weight percent 


o as received 
^ 24 hrs grinding 
□ 48hrs grinding 



FIG.3-1 EFFECT OF GRiNDiNG ON PARTICLE SIZE 
OF ALUMINA (A=2 Alcoa) 
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resiilts it was then concluded that the ratio 55/45 is the 
most suitahlG and a higher clay to alumina ratio of 57/43 
xras also tried assuming that about 5 percent of silica 
evaporates. Hence later, for more detailed studies the 
ratios were primarily 55/45 and 57/43. Apart from these, 
combinations of A = 2 and A = 16 and A = 2 and Eydral 710 
with the same ultimate ratio of 55/45 wore also tried to 
study the effect of these highf^re active aluminas on 
mullite fomation. In both the cases part of the A = 2 
altunina was replaced by the respective additions. In the 
ca.se of Hydra,! 710 additions the ultimate alumina obtained 
from the Hydrad. 710 on heating was the basis (e.g.) for 
10 gms of Al„0-r to be replaced, the amount of Eydral 710 

d. D 

was 10/0.65 = 15.38 gms. 

Tables 3.2, 3.3 and 3.4 give the details of the 
various mix compositions used. 

The mixes were prepared by mxing in a pestle 
and mortar or in a plastic bowl, each time care being 
taken to achieve intimate mixing. About 5-8 percent by 
wei^t of water was added to wet the mix after about 
10 minutes of dry mixing. Then further mixing was done, 
crushing the small balls formed due to coagulation, from 
time to time. There was no addition of a temporary 
binder or a lubricant since water itself was a good 
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Table 5.2s Nomenclature Details of Various Mixes 

[Dired at 1400°C (G-lobar furnace for 
6 hours)] 


f 

1 

Nomencla- }. 


Component (Weight Percent) 

ture { 

1 

China 

jA := 211 p 0 ^ 

iHydral 710 

.1 ... ^ .. _ 

T 

} Mineralizer 

1 .. 1 . . . . ... - .. - 

ILB' 

55 

45 



lb 

55 

30 

23.07 


Ic 

55 

45 a 

- 


Id 

55 

45 ’’ 

- 


2 a 

50 

50 

- 


2 b 

45 

55 

0m 


2 c 

50 

40 

15.38 


2 d 

50 

30 

30. n 


2 e 

50 

20 

46.15 


2 f 

50 

10 

61.53 


3a 

25 


34.00 


3b 

25 


30.00 


Th 

53 


47.00 


C 

55 

45 

- 

Cryolite - 1.0 

Cu 

55 

45 

- 

Copper oxide - 1.0 

®2°3 

55 

45 

- 

Boric oxide ~ 1,0 

Mg 

55 

45 


Magnesium carbonate -2.0 

Mn 

55 

45 

w 

Manganese oxide - 1.0 

Zn 

55 

45 

- 

Zinc oxide - 1,0 


a . ground for 24 hrs in a ball mill 
b • ground for 48 hrs in a ball mill. 
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Table 3*55 Details of Mixes Fired at 
1400°C for 12 lirs and at 
1500°C for 3 iirs. 


Nomencla- 

ture 


Constituent (wei^t percent) 


China I A = 2 {A = 16 | Hydral { 
clay S alumina 'alumina ! 710 ! 


Mineralizer 


lA 

55 

45 

- 

IB 

55 

30 

- 

IBX 

55 

30 

15 

IE 

55 

35 

- 

lEX 

55 

35 

10 

IF 

55 

40 

- 

IFX 

55 

40 

5 

IG 

50 

39 

- 

2G 

50 

37 

- 

3A 

25 

- 

- 

3B 

25 

- 

- 

AFA 

55 

45 

- 

AFB 

55 

45 

- 

AFC 

55 

45 

- 

B^A 

55 

45 

- 

B^B 

55 

45 

mtm 

B^C 

55 

45 

- 

CA 

55 

45 

... 


23.08 

15.38 

7.69 


39.00 

37.00 

AIF^ - 1.0 

A].P^ 2.0 

AlFj - 5.0 

B-0, - 1.0 

2 3 

B^O^ - 2.0 

B^Oj - 3.0 

- Cryolite - 1.0 


CB 


55 


45 


Cryolite - 2.0 

Continued. . . 


J 
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TalDle 3.3 continued. 


\ 


Nomencla- 



Constituent (wei^xt percent) 


ture 

{China 

{A = 2 ;a = 16 ; 

! alumina ! alumina 1 

I Hinerallzer 


CM 

55 

45 



CaF^ “1*0 


C£B 

55 

45 

- 

- 

CaF^ - 2.0 


CAC 

55 

45 

- 

- 

CaF^ - 3.0 

- - 

CAO 

55 

45 

- 

- 

CaO - 1^0 


CuA 

55 

45 

- 

- 

OaO - 0.5 


CuB 

55 

45 

- 

- 

CuO - 1.0 


CuC 

55 

45 

- 

~ 

GuO - 1.5 


CuD 

55 

45 

- 

- 

C\iO 2*0 


Cue 

55 

45 


- 

OuO - 2.5 


CuBZ 

55 

45 

•• 

- 

CuO as CuSO^* 51 X 20 
soln. - 1.0 


MgA 

55 

45 

“ 

- 

MgCOj - 1.045 


MgB 

55 

45 

- 

- 

MgCO^ - 2.090 


mA 

55 

45 

- 


MnOg - 0.5 


miB 

55 

45 

- 

— 

MnO^ - 1.0 


MnAZ 

55 

45 

- 

- 

MnO^ as MnSO^ soln 

.-0.5 

JilnBZ 

55 

45 

- 

- 

-do- 

-1.0 

EA 

55 

45 

- 

- 

Fe^O^ - 1.0 


K 

55 

45 

- 

- 

Raw kyanite - 5 


■TiA 

55 

45 

- 

— 

TiO^ - 1.0 


ZnA 

55 

45 

- 

- 

aiO. - 0.5 


ZnB 

55 

45 

— 


ZnO. - 1.0 
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Table 3 

,4s Details of Mixes 

Kiln and 1600° C 

Pired at 1450°C Refractory 

for 2 hrs. 

Nomen cl a- 

1 

1 

1 

Constituents (wei^t percent) 

tore 

JChii^a olayj 

A = 2 1 
alumina ! 

t 

Mai CO alumina } 

. ^ . ...I.. 

Mineralizers 

MIA 

55 

45 


- 

M2A 

60 

45 

- 

- 

Ml 

55 

- 

45 

- 

M2 

60 

- 

45 

- 

MIX 

55 

- 

45 

( Super ground) 

- 

M2X 

60 

- 

45 

(Super ^oxmd) 

mtm 

MlAl 

55 

45 

- 

MgCO^ 2.09 

M2A1 

50 

45 

- 

MgCO^ 2.09 

M1A2 

55 

45 

- 

ZnO 0.5 

M2A2 

60 

45 


ZnO 0.5 

Mil 

55 

- 

45 

MgCO^ 2.09 

M21 

60 

- 

45 

MgCO^ 2.09 

M12 

55 

- 

45 

ZnO 0.5 

M22 

60 

- 

45 

ZnO 0,5 

MlXl 

55 


45 

(Super ground) 

MgCO^ 2.09 

M1X2 

60 

- 

45 

(Super gronnd) 

ZnO 2.09 

I'M 

(Plint)'^ = 
72 


28 

- 

PA 

(Plint)^ =s 
72 

28 

- 

- 


Dust collector fines. 
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enoiXfcli ‘binder end tlie green Gamplcs were hard onorgii to 
handle even after drying, 

MOULDING 

After mixing, the pellets of ahout 1" in 
diameter and about 1/4 to 3/4" in thickness wore made by 
pressing in steel die under a laboratory hydraulic 
pressj . 'Ihe typical pressirre used was between 10000 
to 15000 psi, 

Tho pellets were then air dried in atmosphere 
and the green densities were measured^ from the diameter, 
thickness and wei^t data. The diameter and thickness were 
measured using a Vernier calipers (Least count = 0,02 mm), 

A good representative sample was taken in each case and 
the diameter and thickness were measured at 4 places in 
each sample and the a,verage values were taken for calcu- 
lations, Green density data are furnished in Table 3.5. 

3,1.4 SOfTESIlG 

Tlie pellets were then sintered at temperatures 
of 1400^0, ill a globar furnace, 1450°C in an oil fired 
refractory kiln having a five day cycle, 1500*^0 and 
1600°C in ga,s fired furnaces. The soaking time at the 
maximum temperatures were 6 and 12 hours, 6 hours, 

3 hours and 2 hours respectively. The heating and 
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Table 3.55 G-reen Densities 


nomenclature 

t 

! 

1 

f 

f 

f ^ 

Green Density (gn/cc) 

lA 


2.26 

IB 


1.98 

IBX 


2.21 

IB 


2.01 

IBZ 


2.24- 

IG 


2.21 

2G 


2.12 

3A 


2.06 

ABA 


2.28 

ABB 


2.23 

ABO 


2.26 

B2A 


2.32 i 

B2B 


2.33 

B2C 


2.33 ! 

CA 


2.32 

03 


2.32 

CAA 


2.26 

CAB 


2.31 

CuA 


2.26 , 

GuBZ 


2.21 

OuB 


2.21 

CuC 


2-31 : 

CuD 


2.30 

Cue 


2.30 



Continued . . . 
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Table 3.5 continued. 


Nomenclature 

1 

f 

1 

f 

, ^ 1 . , ^ 

G-reen Density (gm/cc) 

FA 


2.21 

ZnA 


2.29 

ZnB 


2.28 

MgA 


2.18 

MgB 


2.26 

MnA 


2,21 

MnAX 


2.28 

MnB 


2.32 

K 


2.32 

T 


2.23 

AS 


2.29 
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cooling rates wore gradual, the range being 20 - 120°/ho'ur. 
The cooling rate was controlled right down to about 200^0 
in the g].oba,r furnace and the refractory kiln runs and in 
the ca,se of the gas fired runs (1500° and 1600°) the 
cooling was controlled till about 1200°C and the furnace 
xms shut down and the products were furnace cooled. A 
bedding of alumina powder 100 size was used to 
prex/ent the saj3iples from adhering to each other. 

The temperature measurements were carried out 
by (i) Pt/Pt lO^oEh thermocouples in the globar furnacos 
and the gas fired (1600°C) furnace. In both the cases tho 
temperature was fairly uniformly distributed throu^out 
the firing zone and the rariations were within tho range 
of + 20°C, (ii) by optical radiation pyrometers in the gas 
fired runs at 1500°C and here the distribution was not 
uniform and a, variation of + 50° C could not be ruled cut 
and (iii) by Pt/Pt. 10%Rh thermocouples in the refractory 
kiln (1450°C run) along with std, seger cones. The 
temperature variation was limited to + 20° C. 

5.2 PRODUCT TESTING AND CHARACTERIZATION 

The fired pellets were tested for the following 
physical properties. 

t 

(i) linear ^rinkage (ii) Geometric density 
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(iii) Porosity and ( iv) True density. Th.e mullite was 
detected by Z-ray diffraction techniques and optical 
microscopy. The yield of mullite was also calculated from 
X-ray data and in some selected cases the yield was also 
obtained from the wei^t of the residue after leaching 
with hydrofluoric aoid. 

3.2*1 LINEAR SHRINEAGE 

Linear shrinkage was measured as the ratio of 
the difference in diameters before and after firing to 
that before firing and is expressed in percent. Thus, 

D-D 

Linear Shrinkage = x 100 

where , D^ = Diameter before firing, cms 
and D = Diameter after firing, cms. 

3.2.2 GEOMETRIC DENSITY 


This was found as the weight to volume ratio 
of the various pellets. This gives the value of apparent 
density since the volume calculated from the diameter and 
thickness values includes porosity. 


Geometric Density or Apparent Density 


*Drv 


I 
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whore, weight of the pellet - gnis 

D = Diameter of the pellet - cms 
1 = Thickness of the pellet - cms, 

5.2.5 POROSITY 

The porosity was measured, in the iisual manner 
prescrihed. The pellets were weighed dry and then hoilod 
in water for 2-3 hours. After boiling, the pellets wore 
removed, dab hod lightly to remove water on the surface 
and weight of the soaked pellet was determined. The soamod 
pellet then was immersed in water and weired. The porosity , 
which refers to open pores only is given as, 

¥g - 

Porosity - ^ — ZHT 

S s 

where, Wjj = I'/t. of dry pellet - gms 

Wg = I'/t, of soaked pellet - gms 

¥ = ¥t . of immersed pellet — gms . 
s 

3.2.4 TRC3E DEIISITT 

The nearly true density of the produced was 
derived from the dry wei^t and the porosity values 

¥ 

D 

Density = 

D s 
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as VJp - gives tlic value of nearly true volume. In all 
the physical loroperty measurements a single representative 
sample was taken which was free of cracks . The diamoter 
and thickness measurements t-irero done at 4 pla.ces each on 
each sample using a vernier caliper (Least count = 0,02 mm). 
The average of the value of the diameter and thickness 
was finally token up for the respective calculations. 

■Hie pfDove physical properties are given in 
Tables 3*6 to 3.10. 

3.2.5. DETECTION OE MDLIITE 

3. 2.5.1 X-ra,y Diffraction Studies? 

The iiullite formed in the products were initially 
detected by X-ray diffraction methods. Diffractometer 
tracings were obtained and characteristic peaks for mullite 
and any other phases present were looked for. The details 
of the X-ray investigations are furnished along with the 
tables providing the d and . I values (Ref. Tables 3.11 
to 3.13). Lhc major phases observed are (i) mullite and 
( ii) alumina ( a-alumina) . 

The amounts of mullite were calculated from 

the diffracto graphs, considering that only two phases are 

76 

pirosent. The percent of m'ullite is obtained as . 
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%taiite 


1 

, . ^Corundum 

± "T K j 


wiiero , 


^coriiadm (50**/^ 


1.7 


These values arc erroneous hut not far from realistic 
since glassy phase has also been observed by chemical 
methods. 

3. 2. 5. 2 Optical Microscopy and ihotomicrographyi 

Solocted samples were polished in a BGq.uential 
manner starting from Emery belts (120 grit) throu^ silicon 
carbide powders 120, 240, 400, 600 and 800 grits and later 
with 1 micron alumina suspension for 24 hours and 1 p 
diamond pasto for about an hour for each sample. But, 
however, the contrast was indeed poor and rhe photographs 
do not practically reveal any data about the size or shape 
of the mullito crystals. 

For aii observer, however, a clear view of tiny 
glass like specks embedded in a foamy matrix is quite 
visible as usually seen in sintered mullito ceramics. 

The lohotomicro graphs were obtained with 300X 
magnification, reflected on a 35 nim low speed film. 

The enlarged prints are given in plates 1 - 
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5. 1.5. 3 Chcnical Leaching wilii Hydrofluoric Acid; 

The usual chemical method of quantitative 
determination of mullite is based on the solubility diff- 
erences between mullite and the other glassy phases in 
hydrofluoric acid, The method adopted in the present 
study is ■ formulated by Joshi et al”^"^. The well 
produced mullite samples <1 200 ^x-^as weighed out (about 
0.5 gms) exactly into a platinimn crucible, 10 ml of HP 
(48V0 and 10 ml of 1:3 H^SO^ were added. The crucible 
was then heated on a' water bath for 3-4 hours xfl-ith 
occasional stirring. Then the solution is filtered off 
through a Whatraan 42 filter paper on a polythene funnel 
107tHF and HP acidulated water followed by distilled water 
were used for washing the residue in the same sequence. 

The precipitate was thev ignited for constant weight and 
tho raullito content was expressed in percentage as the 
ratio of residue to the weight of tho sample taken, 
initially (see Table 3.14). 

3.2.6 MODULUS OP RUPTURE 

Tho modulus of rupture (M.O.R.) of some 
selected componitions were obtained at room temperature. 

The respective mixes were moulded into bars of 6” x l-^-" x 1*’ 
under 5000 kg load. They were then air dried and fired 
on the refractory kiln (1450*^0, 6 hrs soaking, 5 day cycle). 
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length, bioadth and depth of the fired bars were then 
measirred and these' "bars were then broken' nnder a three 
point loading in an Avery tJTM m/c, The load required 
to break the bars were noted. The value of the M.O.R. is 
then obtained as , 

M.O.R. = 

2bd^ 

where W = load in kg 

I, = span length - cm 
b = breadth — cm 
d = depth - cm 

The hipest values of the M.O.R. obtained are to be consi- 
dered nearer to the true values since the lower values were 
obtained from samples which had cracks on them. The bars 
with additions of OuO as CuSO^ have been fired to 1450 C 
for only one hour in the laboratory gas fired furnace 
(Ref. Table 3.15 for details). 
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Table ;).6: Physical Properties of Mullite Product 
Dq = 2.812 CDj Temperature 5= 1400°C; Time of soaking 3= 6 hrs. 


Nomenclature 

1 ' “ 

t 

} Shrinkage 

{ percent 

1 

f 

1 



Porosity 
\ percent 

i_ , 

1 

{ Geometric 
{ Density 

1 gn/cc 
} 

True 

Density 

gm/cc 

la 

L ■■ ■ II - 

2.42 

22.71 


2.31 

2.90 

lb 

4.02 

32.15 


2.94 

2.97 

Ic 

3.28 

21.30 


2.26 

2.92 

Id 

2.92 

22.6 


- 

2.96 

2a 

2.92 

24.45 


2.21 

.3.02 

2b 

2.48 

24.42 


'2.32 

3.13 

2c 

3.30 

28.71 


2.11 

3.08 . 

2d 

5.48 

33.61 


1.99 

3.09 

2e 

6.62 

38.99 


1.86 

3.16 

2f 

7.76 

41.15 


1.80 

3.15 

3a 

13.45 

22.7 


2.04 

2.95 

3b 

13.59 

29.24 


- 

2.91 

Th 

4.2 

21.03 


2.45 

3.14 

2 3 

4.16 

12.79 


2.29 

2.65 

c 

3.56 

20,49 


2.28 

2.95 

Cu 

1.91 

19.90 


2.24 

2.89 

Mn 

1.64 

24.71 


2.17 

2.94 

Mg 

1.85 

22.51 


2.19 

2.86 

Zn 

4.27 

23.43 


2.37 

3.13 
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Table 3.7”. Physicc-Ju Properties of tbo Mullito Product 

P = 2.66a ci'-i? Tenperature *= 1400°C? Tine of soaking = 12 brs. 
o 


Uonenclaturo 


Shrinkage 

percent 


Pore sity 
percent 


a. 


' I 

! 

G-eonctric I True 

Density { Density 

gn/cc j gn/cc 


lA 

1.501 

IB 

4.879 

IBX 

4.654 

IB 

3.003 

lEX 

2.777 

IB 

2.327 

IBX 

2.477 

IG 

3.503 

2G 

3.978 

3A 

15.540 

BA 

1.276 

ZziA 

0.525 

ZhB 

0.525 

MgA 

1.501 

MgB 

1.351 

MnA 

3.678 

MnB 

3.753 

MnAX 

2.702 

MnBX 

2.102 

CuA 

0.675 

OuB 

1.126 

CuC 

1.501 

CuD 

1.726 

GuB 

1.951 

CuBX 

0.900 

CAA 

1.576 

CAB 

1.651 

CAC 

1.876 

CAC 

2.027 

B2A 

5.030 

B2B 

5.180 

B2C 

5.330 

ABA 

2.477 

ABB 

2.177 

ABC 

1,876 

CA 

3.678 

CB 

2.852 

K 

3.528 

TiA 

0.600 


25,855 

2,19 

28.710 

2.03 

19.301 

2.35 

30.838 • 

2.00 

17 . 543 

2.25 

26 . 274 

2.04 

19,088 

2.26 

19.985 

2.33 

25.177 

2.17 

25.592 

2.09 

24.609 

2.18 

26.522 

2.11 

26.109 

2.14 

28.168 

2.16 

23.160 

2.18 

20.034 

2.42 

20.814 

2.39 

22.563 

2.51 

21.089 

2.36 

25.570 

2.14 

26 .135 

2.15 

21.069 

2.27 

20.361 

2.23 

19.918 

2.27 

23.722 

2.17 

21.704 

2.07 

20.923 

2.21 

19.511 

2.12 

23.470 

2.21 

^ 17.915 

2.45 

14.349 

2.53 

13.539 

2.58 

21.342 

2.28 

24.071 

2.26 

26.619 

2.19 

18.557 

2.37 

15.465 

2.31 

23.922 

2.43 

28.154 

2.12 


3.00 

3.01 

3.02 

3.07 
2.93 

3.03 
2.97 
3.01 

3.09 

3.11 
3.02 
2.99 
3.02 
3.13 
2.97 

3.11 

3.10 

3.15 
3.05 
2.99 

3.07 

2.95 

2.96 

2.94 

2.96 

2.95 

2.95 
2.92 

2.96 

3.16 

3.07 

3.07 
3.05 

3.08 

3.11 
3.07 
2.89 
3.28 
3.10 
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Tabic 5*3: Physical Properties of the Miillite Product 
Pq = 2.664 cri} Temperature s 1500°C} Time of soaking » 5 hrs* 


! 


1 

nomenclature 5 Shrinkage 

1 

} Porosity 

G-eometric { 

True 

} percent 

J percent 

Density | 

Density 

t 

I 

^ - - - 

! 

» 

» 

Lmnm., „ 

gm/cc } 

gm/cc 


lA 

3.753 

18.176 

2,43 

3.10 

IB 

7.282 

22.323 

2.16 

3.01 

IBX 

4.204 

15.803 

2.38 

2.87 

IS 

6.831 

19.952 

2.26 

3.01 

ISX 

3.228 

18.873 

2.32 

2.97 

IP 

4.129 

22.078 

2.29 

3.03 

IPX 

2.777 

21,221 

2.30 

3.01 

IG 

2.327 

24.217 

2.22 

3.11 

2G 

3.153 

22.163 

2.30 

2.99 

3A1* 

18.168 

20,375 

2.24 

3.09 

3A2^ 

20.345 

9.671 

2.54 

2.92 

^Bl** 

19.594 

7.977 

2.38 

2.95 

3B2‘’ 

21.09$ 

4.080 

3.09 

2.89 

PA 

1.876 

24.365 

2.23 

3.03 

ZnA 

1.576 

25.047 

2.44 

3.00 

ZnB 

1.126 

23.861 

2.17 

3.00 

MgA 

1.651 

23.996 

2.23 

3.02 

MnA 

3.153 

21.489 

2.21 

3.01 

MnB 

2.852 

20.213 

2.09 

3.11 

CuA 

1.951 

21.781 

2.23 

2.98 

CuB 

2.252 

20.978 

2.12 

3.04 

GuC 

2.102 

20.831 

2.23 

2.98 

CuD 

2.477 

18.629 

2.29 

2.94 

Cue 

2.102 

19.700 

2.25 

2.91 

GuBX 

2.252 

25.541 

2.12 

3.03 

CAA 

2.102 

20.309 

2.18 

2.91 

CAB 

2.477 

13.650 

2.25 

2.78 

CAC 

3.003 

12.270 

2.28 

2.74 

CAO 

2.702 

19.860 

2.27 

2.94 

B2A 

1.876 

21.054 

2.26 

2.96 

B2B 

2.477 

19.114 

2.27 

2.91 

B20 

2.552 

15,729 

2.27 

2.89 

APB 

0.900 

27.866 

2.15 

3.09 

K 

1.951 

23,097 

2.23 

2.99 

CB 

2.777 

15.349 

2.31 

2.86 

TiA 

0.900 

27.417 

2.14 

3.08 

T 

2.252 

24.503 

2.27 

3.06 


• - - <} c 
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Table 3.9: Physical Properties of the Mullite Products 


Dq * 3.244 cmj Temperature = 1450*^05 Time of soaking = 6 hrs. 

(EeTractory kiln) 


Nomenclature 

f 

1 

} Shrinkage 
{ percent 

f 

t 

r 

« 

Porosity 

percent 

Geometric 

Density 

gm/cc 

Triae 

Density 

gm/cc 

Ml 

2.281 

37.981 

1.93 

3.21 

M2 

2.589 

34.459 

1.99 

3.09 

M2A 

0.493 

35.935 

1.94 

3.12 

M21 

4.747 

27.929 

2.10 

2.98 

M22 

3.020 

31.750 

2.02 

3.00 

M2A1 

3.267 

30.387 

2.06 

3.01 

M2A2 

0.739 

34.239 

1.95 

3.01 

MIX 

5.610 

26.443 

2.19 

3.03 

MlXl 

6.226 

24.184 

2.22 

3.00 

M1X2 

4.747 

27.109 

2.15 

3.04 

PA 

1.787 

29.665 

2.21 

3.24 

PM 

0.246 

33.563 

2.09 

3.24 
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Table 3.10: Physical Properties of the Mullite Product 
= 2.536 cmj Temperature = 1600°C; Time of soaking = 2 hrs. 


1 

1 

TTomenclature \ 

! 

1 

t 

t 

\ 

t 

Shrinkage 

percent 

Porosity 

percent 

T r 

} Geometric } 

{ DeMity { 

} gm/cc j 

True 

Density 

gm/cc 

Ml 

3.391 

28.38 

2.15 

■ 3.17 

M2 

4.495 

27.62 

2.18 

3.06 

MIA 

1.419 

30. 55'' 

2.08 

3.10 

M2A 

2.650 

30.65 

2.05 

3.06 

Mil 

6.760 

24.60 

2.20 

3.05 

M21 

6.720 

22.45 

2.28 

2.96 

M2 2 

4.810 

25.10 

2.31 

2.98 

M2A1 

6.040 

21.80 

2.27 

2.98 

M2A2 

3.020 

29.20 

2.10 

3.05 

MIX 

7.460 

20.60 

2.33 

2.97 

Ml XI 

7.710 

17.05 

2.39 

2.94 

M1X2 

6.720 

20, CO 

2,29. 

3,C2 

PM 

2.710 

25.75 

2.23 

3.12 

PA 

3.76 

17.72 

2.31 

3.04 
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IDablo 5.12; X-ray Data Samples Pired at 14CC® for 12 hrs 
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5?able 3.15: X-ray Data Samples Fired at 15CC°C for 3 hrs 
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TablD ;5.14i Quantitative Analysis of Mullite 


' 1 

1 

Nomenclatxarc {Temperature 
{Time of 

} Sintering 

1 

t 

t 

t 

1 

1 -f ■ -- 

i Yield { Yield 

{percent {percent 

{^Jheniic 

{ ^ iGorrected 

i {ax 100/90 

t 1 

-J 1 . . 

Yield 

percent 

■(X-ray> 

* 

1 

• 

la 

1400/6 

56.42 

62.69 

80,3 

Xs. 

1400/12 

59.70 

66.33 

50.4 

la 

1500/3 

54.54 

60.60 

- 

Zn 

1400/6 

61.05 

67.83 

53.5 

ZnA 

1400/12 

66.72 

74.13 

96.2 

ZnB 

1400/12 

70.56 

78.40 

96.2 

ZnB 

1500/3 

73.40 

81.56 

98.0 

Gu 

1400/6 

64.53 

71.70 

75.7 

OuA 

1400/12 

69.05 

76.72 

91.4 

CuC 

1400/12 

73.62 

81.80 

92.1 

CuE 

1400/12 

68.02 

75.58 

91.3 

CuB 

1500/5 

65.51 

72.79 

- 

m 

1400/6 

68.63 

76,26 

85.0 

MnAx 

1400/12 

69.52 

77.24 

57.5 

MnB 

1400/12 

72.65 

80.72 

72.8 

Std. fused 
mullite 

(99»/spM 

purity) 

85.72 

95.24 

— 
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3 • 1 J) • ModuX’u.s of RupiTUPo Hoom TGinpoPst'bui'o 

M.O.H. = 2JL I ^ ^ 

2M^ 


Nomenclature 

1 - 

t 

1 

t 

t 

t ' 
t 

d ; 

M 


! ' 1 ‘ J 

{ M.O.R. 


1 

t 

I 

• 

cm { 

1 

1 1, ■„ 

n 


i Kg/om^ 

f 


MIA 

(i) 

2.333 

3.671 

125 

107.25 

55 clay/45 A = 2 

(li) 

2.322 

3.658 

135 

117.35 


(iii) 

2.344 

3,662 

163 

138.90 

M2A 

(i) 

2.305 

3.598 

90 

80.70 

57 clay/43 A = 2 

(ii) 

2,365 

3.600 

100 

85.15 

MlAl 


2.366 

3.613 

225 

190.75 

55 clay/45 A = 2 
l,045MgC0^ 






M1A2 


2.400 

3.658 

215 

174.95 

55 clay/45 A t= 2 
0.5Zh0 


2.402 

3.665 

190 

154.50 

Ml 


2.201 

3.407 

80 

83.10 

55 clay /4 5 Ma-lco 


2.402 

3.407 

105 

110.70 

M2 


2.192 

3.376 

93 

, 98.30 

57 clay/43 Malco 


2.207 

3.369 

109 

113.90 

Mil 


2.202 

3.391 

166 

173.20 

55 clay/45 Malco 


2.252 

3.388 

81 

80.80 

1.045MgC0^ 





Continued 
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Table 5.15 co’itinued. 


NomenclatiEre 

1 

1 

4 1 

cm 1 

"'1 

b 

cm 

t 

¥ } 
Eg } 

1 

M.O.E. 

Kg/cm^ 

M12 

2.226 

3.416 

71 

71.90 

55 clay /4 5 Malco 
0.52to0 

2.216 

3.423 

114 

116.25 

MlAG^ 

55 clay/45 A = 2 

1.56 gm OuSO^ 

= 0.5 gm CuO 

2.261 

5.613 

70 

75.00 

M2AC^ 

2.388 

3.576 

113 

95.00 

55 clay/45 A = 2 

1,56 gm 

2.245 

3.610 

110 

103.65 

M20^ 

2.275 

3.571 

82 

76.05 

55 clay /4 5 A = 2 

1.56 gm CJuSO, 

2.266 

3.577 

116 

108.30 


Samples fired at 1450°C for 1 hr only 
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CHJIPTER 4 

RBSULSS MD DISCUSSION 

4.1 CUY/ALIIUNA RATIO 

Using Kerala china clay and A = 2 alnmina, the 
ratio of clay to altunina has heen varied as follows: 

'5/53, 50/50, 55/45 and 57/43. Equivalent ratios to some 
of these above have been tried earlier by other investi- 
gators*^^’^^ The statering conditions wore 1400*^0 
for 6 hrs, 1400^0 for 12 hrs, 1450°C for 6 hrs, 1500‘"C for 
3 hrs and 1600®C for 2 hrs. The furnaces employed for 
tliis purpofso are already described in Chapter 3. The 
per cent ago ot mullite obtained in the product is estimated 
by X-ray methods and is given in Tables 3. XL - 3,13 and 
plotted in Pig. 4.1. Percentage of mullite in the case 
of the lA series (55/45 ratio) was also estimated by 
chemical analysis. 

Chemical analysis consistently gave a much 
lower value then the X-ray method. However, for purposes 
of comparison of one sample with another, the X-ray method 
should be adequate, even thou^ the absolute amount of 
mullite as revealed by X-ray data may be somewhat 
higher. 
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eopccially a I* lover firing cycles such as l400°C/6 hrs 
denoities a.s lot/ as 2.90 gm/cc were ohiained, !Hiis nrusij be 
due to the voluitc expansion during the reaction as has been 
observed by ouher investigators or due to closed pores. 

Saine sainplc s.inicred at a higher would becoiiC''‘H denser. 

Fro -i Tr oles 3.6 to 3.10 it may be observed that 
the raoial slirink.ages were less than 5 percent and c^uite 
olton about ?— 3 percent. However the porosity in general 
t/as between 20-25 percent. The observed differences between 
tho geometric density and the true density is consistent 
vdth this poi'osity. Most of the porosity appears to bo due 
to open pores, 'While these hi^er values of porosity 
render these Si'secimens unsuitable for applications such as 
substrates for resistors and other electronic components, 
tho values arc 'i/ithin the tolerance limits for super 
refractories and grog. 

Samples la, Ic, and Id of Table 3.6 are Identical 
in composition (55 clay/45 A = 2 alumina) except that the 
alumina was used as re5^v©d in la and ground for 24 and 
48 hrs in Ic and Id. It may be observed that there is no 
marked benefit "idiich could be realised, due to grinding 
oven thou^i the particle sizes generally shifts to 
somewhat smaller.’ values. As a conseq^uence all subsequent 
experiments ’•'■ore carried out with the alumina as received. 



The modulus of rupture values (Table 3.15) show 
V.'. .at.i'ttCd Cv-'croaoc t'jheii the alunina content is reduced. 
There is a docroaso to about 50 percent between lA and 2G- 
compositions (55/45 and 57/43 ratios). Three samples of 
lA were tested ar.d gave significantly different M.O.R. 


values. Since visible cracks were present xd.th two sampled 
that gave lowc.* values only the maximum values available 
lor ea.ch series is considered. In view of the small number 
of samplG<for '.;hich reliable results are available perhaps 
complete reliance can not be placed on the absolute values. 
However, the general trend that 2& has lower M.O.R. values 
than lA appears to be the case. This is understandable since 
2G has r. higher mullite content than lA and since mullite 
hno a lower than alumina of comparable porosity. 


4.2 SOURCE Of ALUMINA 


luOiilo retaining the same china clay as one 
constituent^ a number of different materials was used as 
sources of alunina. These include A = 2, A = 16 and Hydral 
710 from AlCOA and Bayer Alumina from MALCO, The charac- 
teristics of those aluminas are listed in Table 3.2. 

For a clay to alumina ratio of 55/45, gradual 
replacement of A == 2 by Hydral 7l0 in steps has not made 
much difference to the mullite formed at 1400 C (Ei^. 4.2). 

On the other hohd firing at 1400°C for 12 hrs gives 70 percent 
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with 100 poroent A = 2 and SO-90 percent auUite when 
u = 2 is partly or ^olly replaced hy Hyaral. In both oases 
the cnh'\ncod reactivity of Hydral due to its snail particle 
Gize nust bo an inportant factor. 

1*1 the case of 50 clay/50 alunina, nixtures gradual 
roplacei.cnt cf I’ydral for L = 2 steadily increased tho 
percent nullitc fomed (Pig. 4. 2). 

The ratio of 25 cla.y/54 Hydral (3B) corresponding to 
i'' clay/r.lu:';inr. rr-tio of 57/45 yields densities of 2.91-2.95 ga-, 
GC in tho tenperature range 1400-1500°C. On the other hand, 2! 
clay/59 Hydral (5A) (55 clay/45 aluriina) yield densities upto 

5.10 gn/cc at 1400-1500°C as shown in fig, 4,2. Iho higher 

rf 

density nay be due to the presencOji^aluninf^ iji this composition; 

It r.;.ay be worth noting in Table 5.7 that the sample 
3 A has an unusually high shrinkage of 15.0, the inclusion of 
AlgO^ as Hydral appears to lead to higher porosities than when 
'■‘.lui.iina is introduced as A » 2 excopt that most samples fired c 
ISOO'^’C for 5 hrs have an unusually low porosity of 5-10 percent 
C 'Tabic 5,8). Tho shrinkage appears to increase as Hydral repla 
CCS A s* 2 (Table 5.6 to 5.8). Eiis may bo attributoet to loss 
C'f water fro.’i tho Hydral. 

Similarly A » 2 was partly replaced by A » I6 — a 
t inch finer and more reactive alumina than A = 2. In figs, 4.2 
to 4,4 and Tabic 5.6 to 5.j^. A = I6 appears to behave very mud 
Xiko Hydral. Slirinkage values are close to those of with A = 2; 
??uddition and the porosity is a,gain around 2O percent. Just as ' 
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in the ca.oc oi i^yc’.ral, there is a progressive increase in the 


shrinkage values as the anount of A = 16 added increases, Shis 

sniQiH 

nay he indicauiv'c of the improved sintering due to the^^partlclc 
size rnd reactivity of A = 16, 


In 55/45 and 57/45 ratios A 2 vas replaced hy Malco 
al'jr.ina, V/hen this Malco alumina was super ground, it always 
shewed a lower density, than when the almina was not ground 
that fine (Tables 3.9 end 3.10)(Pig. 3.3). This ni^t mean 
that Malcc aluj'Jna aids nullite forraation and the final densitiei 
of MIX fired rt 1450° for 6 hrs and 1600°C for 2 hrs are close 
to the density of nullite, whereas the sane conposition but with- 
a coarser Ma].c" alunina yield densities close to 3.2 gn/cc. The 
higher dcnf.'iby values indicate the presence of unreactod alunina. 
At clay to alieiina ratios of 57/43 fired at 1450° for 6 hrs and 
1600°C for 2 lira, the densities obtained are essentially the sane 
whether A « 2 or Malco is used. However the use of Malco 

alunina loads tc unusually hi^ porosities and low geonotric 
densities (Tables 3.9 and 3.10). ©le large porosity nay be 
attributed to the relatively coarser particle size of Malco 
alunina , 


Tho ncdultJS of rupture values in Table 3.15 show 
that for tho ratio 55/45 the products with A = 2 and Malco as 
starting natcrials practically have the sane values of M.O.R. 
whoroas for the ratio 57/43 the Malco addition increases the 
M.O.R. value. The reason for this is not clear. 
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4.3 niNSPJJblZSRS 


4.3.1 GCirSR OXIDE: 

Thr, ■’r-'tio of 55/45 of clay/alumina was tlio baao 
composition co which 0,5 to 2.5 percent CnO was added. CuO 
C.5 and 1.0 percent as solution was a,dded to tho "base 

coiiiposition. At temperatures between 1400 and 1500'^C all 
the CuO bearine compositions had much higher percent of 
mullite thrai %.'ithout the mineralizer. The optimum addition 
for firing at 1400°C for 12 hrs appears to be abort 1.5 
percent (Eof. I'ig. 4.5). The density of the samples are 
indicated in Rip. 4.6a, ^en fired at 1400°C for 6 hrs CuO 
docs not seen; to have any effect on the density. On ihe 
other hand, when firod at 1400°C for 12 hrs or 1500°C for 
3 hJ'Ei a density of 3.05 ®tn/cc is reached at an optimum 
ametmt of 1.3 percent CuO. With the addition of CuO the 
shrinkage incruaso^stoadily and the porosity decreases. 

All the samples were coloured green, the coloi^r getting 
darker as the amount of CuO added increases. 

4.3.2 ZlliC OXIDE 

Zina oxide is also as effective as copper oxide. 
The optimum pwreentago here seems to be abo\\t 1 porcent. 
Tho density values as a function of the additive ere shown 
in fig. 4.6a. The density soems to increase ;^dth percent 
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ZnO ir. the G fired at 1400°C for 6 hrr. In the case 

:f othtr 1‘irlj ; conditions the chango was not partioiilarly 
aignif Icoait . •/.’ ore is a marginal decrease of porosity with 

the addition with no significant change in shrinkage. 


4.5.? OXIDE 

MnO ic also as effective as ZnO and perhaps some 
what more effective than OaO. Iho density seems to he 
^.oing through a maximum percent MnO added as the 

oxide or the svliate but there is a minimum density observed 
on firing at 1500°0 for 5 hrs. Only marginal changes in . 
porositi' and shi'inkagc are observed. Ihe samples are 
coloured form pale pink to dark pink as the amount added 
increases. 


4.5.4 MAGNBSIUh OXIDE 


The percentage of mullite obtained as por the 
X-ray data for 1 percent addition of MgO are 87 ^0 at 140C C 
for 6 hrs, 60.2 at 1400°C for 12 hrs, 85.0 at 1500°C for 
5 hrs and for 0.5 percent addition, 74.6 at 1400 C fo.. 

12 hrs and 38,0 at 1450^0 for 6 hrs. The density, in 
general, decrct'.ses with MgO additions at all temperatures 
except it goon throu^ a peak at 0.5 percent when fired at 
l4iC0""c for 12 hrs. Ttiere is a general decrease in porooity 
.-.s the percentage of MgO increases. On adding MgO to 
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cxfi 5 '/Gl^‘'"ii-r V is, = 2) and clc.y/al'uiiiina 
thG folloi;in; o'bservations are made. 


(Malco)’ coippo sit ions 


A c'.ocrcasG in porosity with an incroase in 
shrinkr.;. cnu n decrease in density is also soon in 
samples Tired at 1450°C for '6 hrs;'and 1600°0 for 2 lirs 
when the clvay /alumina ratio is 57/43 or 55/45 and tho alumina 
u;i*.d is t'i'Lhor Malco or A = 2. 

4.3,5 MISOmiMBOUS; 


A : ixahor of other oxides and fluorides have 
been tried 'nd the prominent of thorn hoing 
and AlP^. ‘The variation of density with these additives 
at 1400^0 for 12 hrs or 1500° C for 3 hrs is shown in 

4.6b. ^^^2 ^dcroasos the density with the amount 

of addition the decrease being steaper at 1500°C than 
at 1400°C. B^O^ tends to increase the density at 1400°C 
and decrease at higher temperature (at 1500 C). AlF^ 
increases the density at 1400°C with increasing addition 
of AlP^. Fron’feblG 3.6 - 3.9 it is seen that in the 
case of CrJ’ and B^O* with increasing additions the 
porosity decreases and shrinkage increases iidioreas ih - ^ 
tho ease of iilP^ the sequence is reversed. The Z-ray 
data (Tables 3.11 5,13) reveal that the percentage of 

mullito found when 1 percent B^O.^ is added is 47.0 at 1400 C 
for 12 hrs and with 3 percent B 20 ^ the percentage is 
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X.C c.t ?-■ ■.-‘ t for 6 hrs and 40.5 at 1400°C for 12 Jars, 
fh© CaFg QivoB a decreasing mnllite yield as the 
porcGiitagc increases at 1400^0 for 12 hrs, 92.7, 79.6, 

74.7 pcrcont for 1, 2 and 5 percent additions. 

The AlF^ additions give the following yield; 93.6? 

56,5 and 66.2 percent for 1, 2, and 5 percent additions 
of 

4.3.6 JIOLB OP niNBRAIIZBRS ; 

In Section 1.5 the effect of ninercaizers on 
aullitc forur.tion is reviewed. The main results are 
sumarioed in Tabic 1.2. A variety of additives have 
be ton tried. Erch author gave his own soquonce of 
(.fl'octivcncGC of those additives. The voxiables employed 
were the amount of additive temperature and soaking.t^ 
Of course c'ach one has his own starting materials to 
supply ^^203 and SiO^ together with the impurities that 
these raw materials contain. It is therefore not 
surprising that a completely consistent picture can n 
be extracted from these data. In general the optimum 
amount of mineralizer for maximum mullatization varies 
from additive to additive and with temperature. 

Moore and Prasad^® pointed out that additions 
more than the optimum amount of mineralizer decrease 
mullite formation due to the breakdown of the i.. 
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aullite phase into a ^ass and corimdiim rich phases 4 

Another ra.tionalisation Is baaed on the field strength 

(ionic charge /ionic radius). Budnikov and coworkers^^ 

pointed out that the smaller ttie field strength the more 

67 

effective is the mineralizer. Avgustnik et al , 

Nazarenko ct al^^, have disagreed witi the above explanation 
based on field strength. McKenzie agrees with the 
results of Avgustnik as far as the effect of alkali and 
alkali earth cations are concerned. 

It is evident from the above that the role of 
mineralizers in mullitization remains in a confusing state 
inspitc of the number of investigations carried out and 
the importrynco of mullite sintered at relatively low 

1 

tempornturos for technological uses. In the present 
study only those mineralizers were included which have 
been reported by most of the earlier workers to be atleast 
moderately effective. Hierefore the differences observed 
from one raineralizer;' to another are not as great as 
would be the case if the mineralizers are randomly chosen. 

Of all the additives attempted only ^ 2 ^ 3 * cryolite and 
do not have a positive effect on mullite formation 
under the conditions of the present investigation. The 
reason for this may be that at hi^er sintering tenperat 
emd long soaking periods these materials mi^t have 
volatalized off since no special precautions were taken to 
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ninii’ic.^ the ’“''.perization. In tlie case of the other 
ir.incrnliiicrG there is an optinun anonnt for each set of 
sintering conditions. 

37 

Lcccrding to Brindley and Hakahira the 
rcncti*^n sequence of null itizat ion of kaolinite is as 


fcllrwn: 


550*^0 


Kaolinite - > Metakaolin + Water 

^liUjjO^-aSiO^-aHgO) Snaothemic 2Al205*4Si02 4H2O 

Exothermic 1 925° 

Si'iO, Spinel phase + Silica 
2iil2^5 *38102 


Exothermic 1100° C 


Mullite type phase + Cristohalito 


2hl2^^ * 28102 


SiO, 


1400°C 


Mullite 

41205-15^^^2 


+ Cristohalite 

SiO^ 


Iheso atuaios show that (i) contrary to earlier hellet 

that netakr.ollh 1® amorphous. It has oousiaerahle two- 

jv. +-hP third dimension. 

Sinonslonal order with disorder lu the 
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bfi- 

ii) Wh-'t uGo<. f s'f^Q'ilxUa.s y-Al^O^ (ai'ter heating at 
925 C) is now identified as a Si-Al spinel phase of 
conpositicn (Sig) (Al^^Q^g^ 05.35^^32 2Al203a3Si02 

where i. 1 stands for aflanion vacancy. !I!he close packed 
planes of cxygon and hydroxyl ions .in kaolinite, (001) 
plane f boc'.'cs the close packed planes of oxygen in spinel 
(111) i’lrnc, and finally the (310) plane of mullite, 
preserving; the oxygen arrongenent to a larger extent. 
Elcctr, n ^.icro graphs ^cw the prei^rYed arrangement of 
nnllitc needles with respect to the original kaolinite 
flakes, 31 is suggests that the oxygen arrangement is 
preserved tiirc'u,']Jiout the reaction sequence with cation 
diffusion causing the reaction. 

In order to obtain single phase mullite 
enough aluniina should be supplied from external sources 
to combine with the SiO^ precipitated during the mulli- 
tization of kaolinite. The cationic diffusion which is 
the rate liiaiting step for the mullitization of kaolinite 
as well as for the combination of precipitated silica 
and added alumina suggests that the following factors 
should favour mullite formation from clay alumina 
mixtures I 1) Pine grained starting materials so that 
mixing is intimate and the diffusion paths short, (2) 
Presence of a liquid phase in idiich the cation diffusion 
coefficients are high, and (3) Point defects in particular 
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ca1/icn vo.cciJiciGS or ini? erst itials which, nay enhance 
cation diffusion coefficients. The present as well as 
the earlier results may fit into place on the above 
basis , 

The data presented in the present work would 
shew that fine grained glunina such A = 16 and Eydral 
710 arc definitely more effective source of alumina than 
A «s 2 or Male" aluminas, from the stand point of nullite 
formation. In fact the partial substitution of A = 2 by 
A « l6 or Hydral 710 has been shown to be useful. 

In trying to establish the optimum clay/Al^O^ 
ratio for nullite formation we started with compositions 
richer in alumina than the stoichiometric composition 
and ended with compositions which result in stoichiometric 
nullite after allowing for loss of Si 02 

by vapcurizaticn. 

No liquid is ejcpected at the temperatures 
employed in this investigation in this region according 
to phase diagram fig, 1.5. lu making this statement no 
acc^mit is talcen of the impurities present in the 
starting materials. It must however^recognised that some 
liquid format ion is not unexpected in view of the 
chemical composition of the starting materials given 
in Table 3.1. Most of the mineralizers tried serve as 
fluxes and therefore the amount of liquid formed increases 
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The an^iinv. of liquid forced is a function of the anomt 
of ninoralizor I sintering temperature, and in the case 
of transition netal oxides such as PeO, CaO, MnO etc* 


also of oxygen partial pressure. Shis can be deduced 

froii tliG relevant phase diagrams* To consider the role 

of CaO on oullitization refer to portion of the A1 0, - 

2 5 

SiOg - CaO phnso diagran shown in fig. 4.7, In the 
001 , 'resit ion triangle 3A1^0^'2Si0- - CaO -Al^O, *2310^ - 
SiOg a liquid is forced at a tenperature of about 1380°C. 
The GaO content of the liquid is only about 10 percent 
with nb‘ ut 70 percent Si02 and 20 percent Al^O^. 
Iherofiirc even 1 percent addition of CaO wotild give rise 
to aorio liquid even at the lowest sintering temperatures 
onijloycd na;,.oly 1400'^C, With increase in temperature, 
the li iuit’ content increases. 


Fig, 4.8 gives a portion of iiie Al^O^ - Si02 - 
MgO phase diagram. In the mullite-cordiBrite - SiO^ 
part of the system, the first liquid appears between 
1400° - 1450° C and of approximately the composition 
aMgO'aAlgO^'SSiOg containing nearly 15 percent MgO. This 
suggests that there shall be some liquid formed with 
1 percent additions of MgO at the firing temperatures 
employed, the increase in tenperature increasing the 
liquid content. However in comparison with the CaO 
addition tiic liquid formation will be less for the same 
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ar.c-uBt cf the cxicle addoct. 

i‘!n ions may exist in more than one oxidation 
state depending upon the oxygen partial pressure. 

I'iH xons exioting as HnO when the oxygen partial pressures 
are low form liquids at as low a temperature as 1200^0, 

In air Kn exists at a higher oxidation state as Mn^'^ 
oV Mn , both of which have possibility of substituting 
for A1 • In such a case liquid formation is minimised. 

In the case of iron oxide (fig, 4,9) two 
oxidation states of iron are possible; Fe^"^ under 
reducing conditions or low oxygen partial pressures and 
Pe-^ in normal air atmosphere. In the former case liq\rLd 
formation is quite considerable even at 1380°C tiiereas 
in the let I or whan no excess silica is present first 
liquid appears only at around 1450 - 1500°C idien the 
iron oxide present is around 30-40 percent. In the 
former case the iron ions are not absorbed into the 
lattice sites of mullite and corundum Pereas in the 
latter a moderate amotait is absorbed. Kiis is the 
reason for the formation of more liquid in the presence 
of even small amounts of PeO at 1580^0 than in the 
presence of greater amounts of Pe 20 ^ at higher temperatures 
(1460°C)- ®io formation of liquid in the additions of 
PCgOj to the clay /alumina mixtures should hence be 
low compared to other additions of an equivalent amount. 
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irnilc it should be ideally possible, from 
thi* phr.Sc Cl ir. ^r ams , to estimate the amount of liq^uid 
formed as a function of the third component and temper- 
ature such qurntitative estimates become difficult since 
wc arc no longer dealing with a three component system 
vrticn one is using commercial raw materials with significant 
amount f impurities. 

The* photomicrographs do net clearly show the 
prcsuncc r-'. glassy specs because of poor contrast. But 
however f t was observed that there arc tiny glassy specs 
distributed ever the surface especially in the cases of 
CuO, Mn02i 2h0 and MgO additions. 

'Hie, third factor which has been cited to 
cnh'.ncc c- licnic diffusion was point defects preferably 
cation va 'arujics. For this purpose, the cation of the 
miiicralizor should be comparable to 11^^ or Si^"^ ions in 
size. Further the coordination requirements of the 
mineralizer cation should be 4 or 6 as in the case of 
and On this basis only Mg^‘*‘, Fe^'*' and 

have a cha.(cc of creating cation vacancies and may aid 

2-f 

mull it c formation. Many of the others such as Oa , 

Cu^”^, etc, are too large to be accomodated in place 

of or 
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CHAPTER 5 

CONCLUSIONS AND RBCOMfIBNDATIONS 

Tlie main conclusions that can be drawn from 
the present work are: 

(1) While temperatures of 1600°C and above are needed 
for the formation of sintered mullite from clay 
alumina mixtures, the temperature can be lowered 
to 1400-1500^0 by the addition of about 1 percent 
of mineralizers without significantly affecting 
the properties of the fine,l product. 

(2) The mineralizers may be arranged in the decreasing 

order of effectiveness as CuO, ZnO, MnO^j 

CaO and MgO. It must however be noted that the 
differences in the effectiveness of these is not 
great. If whiteness of the sintered mullite is 

a requirement, transition metal oxides such as 
GuO and MnO^ should be avoided as mineralizers. 

Ihe optimum amoiait of a mineralizer is a function 
of sintering conditions. 

) Mai CO alumina is nearly as good a source of 

alumina as Alcoa A = 2. 
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(5) liie fact that fine grained Alcoa A = 16 and Hydral 
710 improve mullitization , super grinding of 
Malco alumina should be beneficial* 

(6) Under the conditions of the present investigation, 
it was foimd necessary to decrease aliimina 
content in the mix tc below the ideal mullite 
composition in order to obtain maximum mullite. 

This ;ms attributed to the vapourization of SiO^ 
during sintering. The optimum ratio of clay/ 
alumina was found to be 57/45. 

The present work paves the way for large 
scale industrial trials of producing sintered mullite. 

In this connection the following recommendations are 
made, 

(1) Large batches of the clay alumina mixes nay be 
produced with A = 2 and super ground Malco alumina 
as sources of alumina with and without appropriate 
mineralizers. 

( 2 ) Clay and alumina may be ball milled together 
for more intimate mixing. 

(3) More detailed micro structural studies may be 
usef^il to relate the shape and size of mullite 
'crystals with processing parameters. 
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(4) Bettor particle size control of the starting 

materials is essential to decrease porosity from 
the present level of 20-30 percent to values 
which co,n he tolerated in electronic applications 
of mullite and in crucibles etc. 
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PRELIMINAHY SINTERING- STUDIES ON ALUMINA 

Tb.e sintering behaviour of Alcoa A = 2 alumina 
was studied by sintering at 14-00°C for 12 hrs, 1500°C 
for 3 hrs and 1600 0 for 2 hrs, following were used 

as variables. 

(1) Grinding of A = j alumina 

(2) Partial replacement of A = 2 by Hydral 710 

( 3 ) Gradual replacement of A = 2 alumina bj’' 
Alcoa A = 16 

(4) Mineralizers: CaO , PeO, Clay, AlF^ , MnO^, 
BpO^ , AlpCSO^)^, JiOp and MgO. The amounts 
added varied from 0.25-5.0 percent (10-50 
percent in tbe case of Al^SO^)^) depending 
on each mineralize^ . 

The procedures employed are the same as those 
employed for the study of mullite and therefore are not 
described here again. The details of the various compo- 
sitions tried are tabulated in Table A.l. 

Shrinkage, porosity, geometric density and 
true density values are listed in Table A, 2 to A, 4. 



il,l Grinding of A = ? Alumina 


Tlic grinding of the A = 2 alumina has a 
pcsitive effect on the sintering of alumina, Prom Tables 
A, 2 to A, 4 it is seen that there is an increase in 
shrinkage , geometric and true densities and a pronounced 
dGcrea.se in the porosity values. This shows that super 
grinding or grinding in vibronill or fluid energy mill 
should leovd to further improvement , 

A. 2 Repla.coment of A = 2 by A = 16 Alumina 

The A = 2 alumina as received was replaced by 
A = 16 alumina. The A = 16 content was increased in 
intervals of lO percent upto 80 percent. 100 percent 
A = 16 alumina, was also included for reference. At each 
temperature the shrinkage and geometric density generally 
increased with the A = 16 content ■while the porosity 
decreased. The improvement is evident from the following 
summary. 


Temp eraturo /Time | 1400/12 

1500/3 i 1600/2 

V - 

Alumina } G. D . j T . D . 

isixy f 1 ' 

Poro— }n 'n T) in T\ » j 

sitv d-®- '.sity 


A = 2 41.3 2.62 3.65 3816 2.66 5.68 25.7 5.10 5.^ 
50 percent As:l6 32.86 2.70 3.76 23.5 2.69 3.79 14.31 3.32 3. 
100 percent A^l6 11.13 2.94 5.79 1.849 3.48 5.82 1.53 3.79 3.6 


It is clear frcn the above tha,t even by partial replace- 
ment of A = 2 by A = 16 , geometric density as high as 
3.4 can be achieved at 1500°C. Addition of A = 16 to 
A = 2 ground even for 24 hrs shoifLd cause further improve- 
ment in the properties of sintered alumina. 

A. 3 Replanement of A = 2 Alumina by Hydra! 710 

Tho A = 2 alumina as received, was partially 
replaced by Hydral 710 in intervals of 10 percent upto 
80 percent, ^/hile there was some inprovement in the 
sintering bdiaviour of A = 2 by the addition of Hydral 
it txxrned out to be a much poorer choice than A = 16, 

The porosities in general were much larger and the 
geometric densities were poorer when compositions with 
corresponding amounts of A = 16 and Hydral are compared. 
This must be attributed to the porosity caused by the 
dehydration of hydral and the need for phase transfers 
mation of the dehydrated product to 

A. 4 Mineralizers 

The most effective mineralizers at all temper- 
atures was found to be titania. The densification 
increased >ri.th increasing titania in the range studied. 

It is possible that a larger amount of titania may also 
be soluble in Al^O^ leading to even greater densities. 



Il 


u 

(This obsorvr.tion is consistent with data available in 
the literature. The only drawback of titania additions 
is a slight yellowish tinge on the samples. 

The second best mineralizer was MnO^. There 
is a striking improvement in the properties between 
1500 and loOO^C. At 1500°C Mn02 bearing samples are not 
as good as many others. But between 1500 and ISOO'^C 
the porosity drops from 33-38 percent to 5“10 percent 
while the geometric density jumped up from 2. 5-2. 4 to 
5. 2-3. 4 gm/cc . Again the main drawback is the pink 
coloin: imparted on to the samples. 

The data on the others are presented in 
Tables A. 2 to A. 4. 

Tile general conclusion that can be drawn from 
this work is that A = 2 alumina after grinding would give 
sintered specimens at 1500-1600° C with porosities less 
than 5 percent. If TiO^ is used as a mineralizer the 
temperature con be soneidiat reduced by prior grinding of 
A = 2 alumina. In the study on mullite a general obser- 
vation was made that Malco alumina behaves similar to 
A = 2 aluaina.. It is therefore worthwhile to undertake 
development work on sintered alumina based on Malco 
alnnina after adequate grinding and with appropriate 
mineralizers. 
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Table A.l: Details of the Various Alumina Compositions 

Sintered at 1400°C 1500^0 16C0^'G 

for hrs 12 3 2 


Name 

f 

! 

t 

Details 

• - 


} A = 2 

r _ 

\a = 16 

{Hydral { 

; „ 710 J. 

• Mineralizer 

A 

50 (as rece 

ived) 



ill 

50 ( 24 hrs 

grinding) 



A2 

50 (48 hrs 

grinding) 


, } 

a . ** 

B 

45 

5 

•r> 


BX 

45 


7.70 


C 

40 

10 



CX 

40 

- 

15.4 


D 

30 

20 

— 


DX 

30 


30.8 


E 

25 

25 


- 

EX 

25 

- 

38.5 

— 

E 

20 

30 


- - • 

EX 

25 

- 

25.0 


G 

10 

40 ■ 

- 

- 

GX 

10 

- 

40.0 


H 


50 

— 


El 

100 

- 


0.03 EesOj 

F2 


100 


0.05 EegOj 

N1 

IOC 

- 


0.25 MnOs 

N2 

IOC 

- 

- 

0.5C MnCs 

01 

02 

100 

100 


M 

ko = 

Ci\l 

CA2 

ICC 

ICC 



0.5 CaO CaCO‘1 

1.0 CaO 

SI 

ICO 


- 

10 

S2 

ICO 

- 

- 

20 

S3 

ICC 

- 

- 

30 A1 j(SCa)> 

S4 

ICO 


— 

40 ^ 

S5 

IGC 


- 

50 

Ml 

100 

- 

- 

C.25 

M2 

IG^ 

- 

- 

C.5 MgC as MgOOj 

M3 

ICC 

X. 

- 

1.0 

T1 

ICC 

- 

— 

C.25 

T 2 

IOC. 

— 

— 

?*r TiOa 

T3 

1C C 

— 

—* 

1 .c 

X 

ICC 

- 

— 

2.0 

ZL 

ICC 

-- 

- 

l.C Kaolin 

1 C 

LI 

ICC 

— 


Vc AIP3 

L2 

IOC 


mmm 
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Mlc L,?.: 

D = 2.66 2 en 

0 


Ph.y3i.crJL Prjpoi^'bics cf SintcuTGc!. /il'UiiiiioL 
Sintered at 14CC^C for 12 lirs. 


Sanplo 


Slirinkac® 

; 'Orcent 


i 




Pcrosity 

l^ercent 


4. 


{ Geonetric 
{ Density 
{ gm/cc 


True 

Density 

gn/cc 


L 

3.51 

IJ. 

3.78 

A2 

4.14 

B 

3.61 

BX 

3.68 

C 

4.28 

GX 

4.73 

D 

5.18 

DX 

7.29 

E 

6.46 


8.64 

F 

6.84 

FX 

7.21 

G 

9.47 

H 

13.97 

C/a 

0.83 

CA2 

( .15 

Fl 

2.33 

KD 

3.01 

F2 

9.92 

LI 

3.61 

L2 

3.75 

Ml 

1.58 

M3 

1.58 

Cl 

3. Cl 

02 

3.16 

SI 

1.95 

S2 

2 . 4 c 

T1 

9.54 

T2 

11 . 5 c 

T3 

13.15 

T4 

13.45 


41.3 

2.62 

36,8 

2.78 

32.4 

2.91 

35.8 

2.38 

35.4 

2.27 

34.39 

2.22 

37.44 

2.3 

34.93 

2.57 

42.97 

2.01 

32.86 

2.70 

29.07 

2.C3 

26.41 

2.94 

42.12 

2.01 

20,65 

3.01 

11.13 

2.94 

41.3 

2.07 

45.4 

1.79 

39.30 

2.23 

39.20 

2.2 

23. C6 

2.90 

37.70 

2.35 

37.85 

2.30 

40.38 

2.15 

42.99 ' 

2.12 

32.04 

2.17 

40,65 

2.23 

37.80 

2.27 

37.11 

2.18 

22.12 

2.89 

17.98 

3.05 

12.94 

3.14 

10.82 

5.23 


3.63 

3.65 

3.72 

3.72 

3.61 

3.58 

3.65 

3.96 

3 . 7 c 

3.76 
3.I0 

3.77 

3.78 
■ 3;-96 

3.79 
3.69 

3.75 

3.73 

3.94 

3.80 

3.76 
3.71 
3.73 
3 . 9 c 

3.39 

3.79 

3.77 

3.51 

3.77 

3.77 

3.70 

3.26 
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Table A. 3: Physical Properties oi the bintered 
Alumina 

= 2.662 cm? Sintered at 1500°C for 3 hrs . 


Sample 

r 

! 

{ Shrinkage 

1 poi'ccnt 
! 

? 

! 

1 

1 

1 

} Porosity 

! percent 

1 

! 

t 

1 

Goomotric 

Density 

gm/cc 

True 

Density 

gm/cc 

A1 

5.S2 

38.6 

2.46 

3.68 

A2 

7.1 

25.7 

2.81 

3.71 

A3 

S.64 

23.4 

2.94 

3.84 

S 

6. Cl 

32.59 

2.50 

'3.75 

6X 

4.73 

31.36 

2.37 

3.59 

C 

4 • &8 

34.49 

2.45 

3.81 

CA 

3.01 

41,58 

2.13 

3.70 

D 

5.33 

31.02 

2.59 

3.79 

PX 

9.69 


2.32 

3.79 

3 

5.86 

23.55 

2.69 

3.79 

EX 

S.87 

43.41 

2.04 

3.64 

P 

7.21 

22.78 

2.92 

3.83 

PX 

8.11 

37.06 

2.61 

3.73 

G 

12.17 

1.91 

3.43 

3.59 

GX 

12.85 

29.72 

1.90 

3.02 

H 

13.85 

1.85 

3.48 

3.82 

PI 

11 . 27 

12.58 

3.44 

3.56 

CAl 

3 .58 

38.19 

2.30 

3.73 

CA2 

8.50 

27.60 

2.62 

3.77 

KL 

6 . 5‘i- 

30.06 

2.53 

3.78 

Ml 

3.33 

37.44 

2.30 

3.76 

M2 

6.83 

17.33 

2.61 

2.96 

M3 

3.23 

37.15 

2.30 

3.78 

Ml 

2. ','8 

38.38 

2.28 

3.77 

112 

4.56 

33.26 

2.39 

3.68 

01 

3.31 

28.91 

2.21 

3.42 

02 

4.88 

36.51 

2.35 

3.78 

Si 

5.33 

29.54 

2.46 

3.76 

S2 

7.34 

28.66 

2.50 

3.69 

T1 

10.74 

23.18 

2.90 

3 . 81 

T2 

14 . 27 

9.94 

3.28 

3.68 

T3 

15.48 

6.65 

3.40 

3.69 

T4 

14 . 50 

5.64 


3.65 
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Table A. 4 5 Physical Properties of tho Sintered Alumina 
Dq = 2.662 cm 5 Sintered at 1600° C for 2 hrs. 


Sample 

! " 
t 

} Shrinkage 
percent 

» 

t 

1 

. 1 .. . . r 

Porosity 

percent 

1.1 Ji 1 

Geometric 
Density } 

gm/cc 1 

- ... - -- ± 

True 

Density 

gm/cc 

Al. 

13.21 

23.70 

3.10 

3.84 

A2 

15.40 

19.00 

3.14 

3.86 

B 

13,22 

14.81 

3.21 

3.77 

BX 

13.45 

13.74 

3.16 

3.66 

OX 

14.27 

1.42 

3.33 

3.43 

D 

14.73 

5.07 

3.49 

3.51 

B 

11. S7 

14.31 

3.32 

3.79 

iX 

1^.16 

18.35 

2.90 

3.72 

P 

11.87 

7.66 

3.46 

3.75 

FX 

17.13 

14.05 

3.18 

3.61 

H 

17.36 

1.53 

3.79 

3.83 

CA2 

11.72 

9.78 

3.29 

3.59 

PI 

14.05 

10.59 

3.02 

3.69 

P2 

17.43 

8.73 

3.28 

5.96 

KL 

12.99 

13.80 

3.16 

3.72 

LI 

13.52 

14.55 

3.20 

3.76 

Ml 

13.00 

9.83 

3.20 

3.61 

M2 

12.70 

14.13 

3.11 

3.70 

M5 

11.72 

16^13 

2.95 

3.68 

K1 

14.50 

10.74 

3.19 

3.87 

N2 

15.18 

5.90 

3.39 

3.77 

01 

13.22 

17.02 

3-12 

3.78 

02 

J3.07 

19.12 

2.96 

3.77 

SI 

12.77 

14.18 

3.26 

3.77 

S2 

12.85 

14.76 

3.04 

3.63 

T1 

12.77 

1.67 

3.54 

3.56 

T2 

14.80 

3.98 

3,47 

3.59 

T3 

:!3.75 

6.25 

3.78 

3.54 
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